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The focus of this thesis was on the production of methane from black liquor (BL) 
using a two-step degradation process; that being, photocatalytic pretreatment of BL 
followed by anaerobic digestion. Photocatalytic degradation efficiency was 
optimised based on the following factors: lignin type (BL, black liquor with sulfide 
removal (BL-S), alkaline lignin (AL), and sodium lignosulfonate (LS)), lignin 
concentration (500 and 1000 mg COD/L), catalyst type (titanium dioxide (TiO2) and 
reduced graphene oxide titanium dioxide nanotubes (RGO TNT)), and initial 
concentration of strong oxidizing agent (0, 0.001, 0.005, and 0.01 mol/L of H2O2). 
The process efficiency was evaluated based on biodegradation as measured by TOC 
and TP reduction and structural modification as measured by FTIR and LC-MS 
analysis. Next, biomethanation potential for the photocatalytic degradation 
byproducts was evaluated using anaerobic digestion serum bottle studies.  
In terms of the photocatalytic degradation efficiency, a comparison of the lignin 
types showed the best TOC removal for LS. Evaluation of the lignin concentration 
yielded higher degradation at lower initial concentrations. Statistical analysis 
showed the two catalyst type performed the same in terms of TOC removal. 
Assessment of the H2O2 photocatalysis showed increased degradation rates with an 
increase of initial H2O2 concentration. In terms of the biomethanation potential, the 
maximum methane production was observed for the BL-S. Statistical comparison of 
the TiO2 and RGOT TNT catalyst showed the two catalyst type performed the same 
in terms of methane production. The addition of H2O2 to the photocatalysis resulted 











First, I would like to express my sincere gratitude to my advisor Dr. Jerald A. 
Lalman for his support and guidance through my thesis journey. His encouragement 
and immense knowledge greatly contributed to the formation of this work. I greatly 
appreciate the opportunity to advance my education and Dr. Lalman’s guidance 
throughout my Bachelor’s and Master’s degree programs has truly shaped me into 
the researcher I am today.  
In addition, I would like to thank my committee members Dr. Tirupati Bolisetti 
and Dr. Paul Henshaw for reviewing this thesis. I greatly appreciate your respected 
feedback and suggestions. 
I would like to express a very special thank you to Mr. Bill Middleton for all of 
his vital technical support and advice. His contributions and suggestions on a daily 
basis are truly irreplaceable. His dedication and support of students will never cease 
to amaze me.  
Thank you to all research team members and lab-mates, past and present, from 
whom I gained valuable knowledge, skills, and tips. Thank you to Dr. Tao Peng, 
Fatemeh Saadat Ghareh Bagh, Zihan Wang, Guochen Zhang, and Lu Cao. In 
addition, I would like to thank Dr. Selva Ganesan and Dr. Venkatachalam 
Ponnusami from SASTRA University (Tamil Nadu, India) for their assistance with 
identifying compounds based on high pressure liquid chromatography-mass 
spectrometry analysis.  
Thank you to my financial supporters without whom this thesis would not be 
possible. I am grateful to the University of Windsor and Faculty of Engineering for 
endless opportunities and financial support. In addition, thank you to the Natural 
Sciences and Engineering Research Council of Canada (NSERC), Ontario Graduate 
Scholarship (OGS), MITACS, Water Environment Association of Ontario (WEAO), 




Finally, I would like to thank my loving family members who have always 
supported me throughout my academic endeavours. Thank you to my mom and dad, 
Laurie and Randy Ure, for their continuous support. Thank you to my husband, 




TABLE OF CONTENTS 
DECLARATION OF CO-AUTHORSHIP / PREVIOUS PUBLICATION ........... iii 
ABSTRACT .............................................................................................................. v 
DEDICATION ......................................................................................................... vi 
ACKNOWLEDGEMENTS .................................................................................... vii 
LIST OF TABLES ................................................................................................. xiii 
LIST OF FIGURES ............................................................................................... xiv 
NOMENCLATURE ............................................................................................... xv 
1 CHAPTER 1: INTRODUCTION ............................................................ 17 
1.1 Background .............................................................................................. 17 
1.2 Objectives ................................................................................................. 21 
1.3 References ................................................................................................ 22 
2 CHAPTER 2: LITERATURE REVIEW ................................................. 25 
2.1 Lignocellulosic biomass ........................................................................... 25 
2.1.1 Cellulose ........................................................................................... 26 
2.1.2 Hemicellulose ................................................................................... 26 
2.1.3 Lignin ................................................................................................ 27 
2.2 Black liquor .............................................................................................. 28 
2.3 Pretreatment methods ............................................................................... 30 
2.3.1 Physical pretreatment ........................................................................ 31 
2.3.2 Chemical pretreatment ...................................................................... 32 
2.3.3 Physiochemical pretreatment ............................................................ 33 
2.3.4 Biological pretreatment ..................................................................... 34 
2.4 Photocatalytic degradation ....................................................................... 34 
2.4.1 Mechanism of photocatalysis ............................................................ 35 
2.4.2 Factors affecting photocatalytic degradation .................................... 36 
2.4.3 TiO2 / UV photocatalysis .................................................................. 38 
2.4.4 RGO TNT / UV photocatalysis ......................................................... 39 
2.4.5 Hydrogen peroxide photocatalysis .................................................... 40 
2.5 Anaerobic degradation processes ............................................................. 41 




2.5.2 Acidogenesis ..................................................................................... 43 
2.5.3 Acetogenesis ..................................................................................... 43 
2.5.4 Methanogenesis ................................................................................. 43 
2.5.5 Factors affecting anaerobic digestion ............................................... 44 
2.6 References ................................................................................................ 46 
3 CHAPTER 3: MATERIALS AND METHODS ...................................... 57 
3.1 Experimental plan .................................................................................... 57 
3.1.1 Phase 1 .............................................................................................. 57 
3.1.2 Phase 2 .............................................................................................. 57 
3.2 Materials ................................................................................................... 63 
3.2.1 Black liquor ....................................................................................... 63 
3.2.2 Black liquor with sulfide removal ..................................................... 63 
3.3 Photocatalytic degradation ....................................................................... 64 
3.3.1 Selection of photocatalytic conditions .............................................. 64 
3.3.2 TiO2 catalyst preparation .................................................................. 64 
3.3.3 RGO TNT catalyst synthesis and preparation .................................. 65 
3.3.4 Photocatalytic reactor ........................................................................ 65 
3.3.5 Experimental design .......................................................................... 66 
3.3.6 Hydrogen peroxide photocatalysis .................................................... 67 
3.4 Anaerobic degradation ............................................................................. 68 
3.4.1 Inoculum source ................................................................................ 68 
3.4.2 Basal media ....................................................................................... 68 
3.4.3 AD experimental design ................................................................... 68 
3.5 Analytical methods ................................................................................... 69 
3.5.1 Total phenols ..................................................................................... 69 
3.5.2 Chemical oxygen demand ................................................................. 70 
3.5.3 Total organic carbon ......................................................................... 70 
3.5.4 pH ...................................................................................................... 70 
3.5.5 Total suspended solids and volatile suspended solids ...................... 70 
3.5.6 High performance liquid chromatography ........................................ 71 




3.5.8 Fourier transform infrared spectrometry ........................................... 72 
3.5.9 Liquid chromatography-Mass spectrometry ..................................... 72 
3.5.10 Tukey’s Test ................................................................................ 72 
3.6 References ................................................................................................ 73 
4 CHAPTER 4: PHOTOCATALYTIC DEGRADATION 
PRETREATMENT OF BLACK LIQUOR USING REDUCED GRAPHENE 
OXIDE TITANIUM DIOXIDE NANOTUBES FOR BIOGAS PRODUCTION . 75 
4.1 Introduction .............................................................................................. 75 
4.2 Materials and methods ............................................................................. 77 
4.2.1 Materials ........................................................................................... 77 
4.2.2 Photoreactor ...................................................................................... 77 
4.2.3 Photocatalysis experimental design .................................................. 78 
4.2.4 Anaerobic digestion .......................................................................... 78 
4.2.5 Analytical methods ........................................................................... 79 
4.3 Results and discussion .............................................................................. 80 
4.3.1 Effect of photocatalytic conditions on BL degradation .................... 80 
4.3.2 Characterisation of BL and photocatalytic degradation products ..... 85 
4.3.3 Anaerobic digestion of photocatalytic degradation products ............ 91 
4.4 Conclusion ................................................................................................ 93 
4.5 References ................................................................................................ 95 
5 CHAPTER 5: HYDROGEN PEROXIDE ENHANCED 
PHOTOCATALYTIC DEGRADATION PRETREATMENT OF BLACK 
LIQUOR FOR BIOGAS PRODUCTION ............................................................ 101 
5.1 Introduction ............................................................................................ 101 
5.2 Materials and methods ........................................................................... 103 
5.2.1 Materials ......................................................................................... 103 
5.2.2 Photoreactor setup ........................................................................... 103 
5.2.3 Photocatalysis experimental design ................................................ 103 
5.2.4 Anaerobic digestion ........................................................................ 103 
5.2.5 Analytical methods ......................................................................... 104 
5.3 Results and discussion ............................................................................ 105 




5.3.2 Characterisation of BL and photocatalytic degradation products ... 108 
5.3.3 Anaerobic digestion of photocatalytic degradation products .......... 111 
5.4 Conclusion .............................................................................................. 113 
5.5 References .............................................................................................. 115 
6 CHAPTER 6:  GENERAL CONCLUSIONS AND 
RECOMMENDATIONS ...................................................................................... 119 
6.1 General conclusions ............................................................................... 119 
6.2 Recommendations .................................................................................. 121 
7 CHAPTER 7: ENGINEERING SIGNIFICANCE ................................. 122 
APPENDICES ...................................................................................................... 124 
Appendix A: BL and BL derivatives characterization ...................................... 124 
Appendix B: Calibration curves ........................................................................ 125 
Appendix C: Additional analysis – FTIR .......................................................... 128 
Appendix D: Additional analysis – LC-MS ...................................................... 129 






LIST OF TABLES 
Table 2.1: Compositions of common lignocellulosic materials .............................. 26 
Table 2.2: Summary of pretreatment methods ........................................................ 31 
Table 2.3: Commercial applications for TiO2 ......................................................... 35 
Table 2.4: TiO2 / UV photocatalysis literature review ........................................... 38 
Table 2.5: RGO TNT / UV photocatalysis literature review .................................. 40 
Table 2.6: H2O2 photocatalysis literature review .................................................... 41 
Table 2.7: Reaction sequence for AD ..................................................................... 42 
Table 3.1: Screening study plan for phase 1 ........................................................... 58 
Table 3.2: Experiment plan for phase 1 .................................................................. 59 
Table 3.3: Screening study for phase 2 ................................................................... 60 
Table 3.4: Experiment plan for phase 2 .................................................................. 62 
Table 4.1: TOC and TP removed during photocatalytic degradation for samples 
taken at 8 h .............................................................................................................. 82 
Table 4.2: FTIR wavenumber and corresponding functional group ....................... 85 
Table 4.3: LC-MS probable compounds in select samples ..................................... 89 
Table 5.1: TOC and TP removed during photocatalytic degradation for samples 
taken at 8 h ............................................................................................................ 106 
Table 5.2: LC-MS probable structures for select samples .................................... 110 






LIST OF FIGURES 
Figure 2.1: Chemical structure of lignin and p-coumaryl, coniferyl and sinapyl 
alcohol sub-units ..................................................................................................... 28 
Figure 2.2: Schematic of the Kraft pulp and paper process] ................................... 29 
Figure 2.3: Schematic of the pretreatment process ................................................. 30 
Figure 2.4: Photocatalysis mechanism .................................................................... 36 
Figure 2.5: Anaerobic degradation process schematic. .......................................... 42 
Figure 3.1: Schematic diagram of photocatalytic reactor ....................................... 66 
Figure 3.2: Photocatalysis experimental design process. ........................................ 67 
Figure 4.1: TOC degradation profiles for photocatalysis and photolysis of BL ..... 83 
Figure 4.2: TOC removed for the photocatalytic degradation of lignins ................ 84 
Figure 4.3: FTIR spectra of untreated lignin samples and photocatalytic byproducts
................................................................................................................................. 88 
Figure 4.4: Methane production .............................................................................. 92 
Figure 5.1: TOC degradation profiles for photocatalysis of …………………….107 
Figure 5.2: FTIR spectra of untreated lignin samples and photocatalytic byproducts
............................................................................................................................... 109 
Figure 5.3: Methane production ............................................................................ 112 
Figure A.1: BL and BL derivatives characterization ............................................ 124 
Figure B.2: TP calibration ..................................................................................... 125 
Figure B.3: H2 calibration ..................................................................................... 126 
Figure B.4: CO2 calibration .................................................................................. 126 
Figure B.5: CH4 calibration .................................................................................. 127 







AD Anaerobic digestion 
AL  Alkaline lignin 
AOPs  Advanced oxidation processes  
BL  Black liquor 
BL-S Black liquor with sulfide removal 
COD Chemical oxygen demand 
CH4  Methane 
C:N:P  Carbon:nitrogen:phosphorus ratio 
e-   Electron 
FTIR Fourier-transform infrared spectroscopy 
GC Gas chromatograph 
GO Graphene oxide 
h+   Hole 
H2  Hydrogen 
H2O2 Hydrogen peroxide  
HPLC High performance liquid chromatograph  
LC-MS Liquid chromatography – mass spectrometry  
LHV Low heating value 
LS  Sodium lignosulfonate 




MW Molecular weight 
m/z Mass-to-charge ratio 
N2  Nitrogen 
nm  Nanometer 
O2   Oxygen 
O3   Ozone 
RGO Reduced graphene oxide  
TCD Thermal conductivity detector 
TiO2 Titanium dioxide 
TNT Titanium dioxide nanotubes 
TOC  Total organic carbon 
TP  Total phenol 
TSS Total suspended solids 
UV  Ultra violet 
VFA Volatile fatty acid 




1 CHAPTER 1: INTRODUCTION  
1.1 Background 
Since the mid-nineteenth century an upsurge in the frequency of environmental issues 
and disasters has triggered an increased sense of environmental awareness worldwide. 
Many individuals are aware of the effects of human activities have on the earth’s 
ecosystems, wildlife, and climate. Furthermore, the combustion of fossil fuels is proven to 
be harmful to the environment. Despite this, many societies remain unwilling to change 
due to their deeply rooted tradition of using fossil fuel. The global primary energy 
consumption breakdown by fuel type for 2017 is as follows: oil (34.2%), coal (27.6%), 
natural gas (23.3%), hydropower (6.8%), nuclear (4.4%) and other renewables (3.6%) [1]. 
This trend indicates that approximately 85% of the world’s primary energy is derived from 
fossil fuel sources.  
The environmental impacts caused by fossil fuel combustion are numerous and include 
climate change, air pollution, and human health impacts. When burned, fossil fuels produce 
carbon dioxide (CO2) a compound which accumulates in the earth’s atmosphere and oceans 
to contribute to the greenhouse gas effect. The Intergovernmental Panel on Climate Change 
has developed complex models which anticipate that without major political or 
technological changes, the concentrations of CO2 will continue to increase largely due to 
the combustion of fossil fuels [2]. This increase of non-neutral CO2 emissions results in 
concerns of global warming of 1-5°C in the next century [3]. In addition to CO2 emission, 
fossil fuels combustion produces particulate matter and gaseous pollutants including 
nitrogen oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2), and volatile organic 
compounds (VOCs). Many of these compounds are carcinogenic and inhalation exposure 
effects human respiratory and cardiovascular system. Exposure to air pollutants associated 
with the combustion of fossil fuels has resulted in increased mortality, hospital admissions 
and other public-health indicators [4].  
Aside from these socio-environmental impacts, there are technical and economic issues 
with the continuation of fossil fuel use. In terms of the technical issues, a finite supply of 




energy security, and global conflicts are major factors leading to price increases and 
unanticipated fluctuations in cost [5]. The widespread negative impacts of fossil fuel use 
have prompted a strong drive in the transition to renewable energy sources. In addition to 
biomass energy, renewable technologies include solar, wind, hydroelectric, tidal, and 
geothermal energy. However as of 2016, the share of energy supply derived from these 
renewable sources was only 17.4% and 13.4% in Canada and the World, respectively [6]. 
Globally, the largest source of renewable energy production is biomass. This source, 
which accounts for approximately 50% of the renewable energy produced, is mainly used 
for heating, electricity, and transportation [7]. Biomass is a source of renewable energy 
derived from microorganisms, plants, animals and their byproducts. Current biomass 
energy production trends excludes the consumption of wood in low efficiency uses such as 
cooking and heating [8]. More specifically, lignocellulosic biomass used for energy 
production includes forestry products (woody and non-woody) and their refinement waste 
materials, agricultural crops and their waste materials, municipal solid waste, and industrial 
or municipal sewage waste.  
Biorefineries are able to convert woody and non-woody biomass into products such as 
paper, sugar, and fuels.  Pulp and paper mills produce pollutants which can be detected in 
water, air, and solid phases. If untreated, these emissions are major sources of pollution.  A 
waste steam from the chemical pulping of wood, which could be utilized for producing 
high-value chemicals, is black liquor (BL). Currently, BL is utilized in energy recovery 
boilers to produced energy and steam. BL, named for its dark colour and thick consistency, 
is mainly composed of lignin, hemicellulose, and inorganic chemicals used in the pulping 
process [9]. BL is characterized with a high moisture, the presence of inorganic chemicals, 
and a relatively low heating value (12.3 MJ/kg) [10]. Producing high-value chemicals and 
energy from BL could significantly improve the process economics of current pulp and 
paper mills as well as future biorefineries.   
Lignocellulosic biomass, which is mainly composed of cellulose, hemicellulose, and 
lignin can vary in composition from species-to-species [11]. These components can have a 
large effect on the efficiency of a feedstock’s ability to be converted into bioenergy.  In 




chemicals which can be consumed by microorganisms [12]. Pretreatment is an important 
step in the bioconversion process its aim is to alter lignocellulosic biomass to degrade 
lignin and alter the structure. Pretreatment methods for this process include steam 
explosion, acid or alkaline hydrolysis, and oxidation treatment.  Each process is developed 
with the aim of improving the bioconversion efficiency. The lignin content in common 
biomass materials is variable between 8 to 30% by dry weight. Lignin is a largely 
underutilized feedstock and improving the conversion efficiency for producing higher 
value products can have an amplified effect on the pulp and paper sector and future 
biorefineries [13].  
Advanced oxidation processes (AOPs) are technologies of interest for the pretreatment 
of lignocellulosic materials. AOPs are characterized as methods which utilize the high 
reactivity of hydroxyl radicals (•OH) as well as superoxide (O2−) to drive oxidation 
reactions [14]. These processes, including photochemical and non-photochemical 
processes, utilize a combination of ozone (O3), hydrogen peroxide (H2O2), ultraviolet (UV) 
light, and photocatalysts. AOPs can be used to mineralize organic compounds and water 
pathogens to produce CO2, water, and other less harmful intermediates [15]. The most 
common application of AOPs is for wastewater disinfection; however, research on using 
AOPs as a pretreatment method for bioenergy production is a developing field of research. 
Photocatalysis, also known as photocatalytic degradation, is an AOP commonly used 
to degrade organic materials and disinfect water and wastewater supplies. A wide variety 
of photocatalysts are available for use in this chemical process; however, the most 
commonly used material is the anatase form of titanium dioxide (TiO2) [16]. TiO2, a 
common white pigment used to manufacture glossy paper as well as paint, is frequently 
used in many commercially available air purifiers to kill bacteria. This chemical is used in 
photocatalysis processes because of its chemical stability, commercial availability, high 
catalytic activity, and low cost [17]. Photocatalysis has been explored as a means to 
degrade lignin into small carbon chain biodegradable organic molecules.  These smaller 
molecular weight molecules can lead to higher biogas yield during anaerobic digestion 




Studies have shown that the combination of strong oxidizing agents and photocatalytic 
degradation can result in improved biomass degradation and increased biogas yield [19]. 
This improvement is accomplished through the addition of oxidizing agents such as O2, 
H2O2, and S2O8 during photocatalysis. These oxidizing agents inhibit the recombination of 
electron-hole pairs and promote the generation of hydroxyl radicals which are able to 
accelerate the degradation rate [20]. Catalyst selection plays an important role in biomass 
degradation. TiO2-based composites have been shown to increase the degradation rate of 
lignocellulosics. Composites can be synthesized by coupling TiO2 with noble metals, 
doping with metal ions, and incorporating electron accepting materials such as nanotubes 
or graphene [21]. These modifications are effective in expanding the light adsorption range 
of the semiconductor to visible light ranges and suppress the electron-hole recombination 
of semiconductors [22]. An important challenge for the photocatalytic degradation of lignin 
is to develop catalysts which can produce optimum levels of biodegradable carbon 
molecules under selected reaction conditions. 
Photocatalytic byproducts can undergo anaerobic degradation to produce useful 
products. During AD, microorganisms degrade biodegradable compounds in the absence 
of oxygen to produce hydrogen (H2), methane (CH4), and other compounds [23]. Dark 
fermentation produces satisfactory biogas yield through the use of anaerobes grown under 
dark conditions and fed with carbohydrate rich substrates such as glucose [24].  
H2 is considered a viable alternative fuel and energy carrier. The H2 combustion 
reaction results in no carbon-based emissions mitigating environmental pollution and 
climate change if substituted for fossil fuels [24]. H2 can be easily utilized in fuel cell 
technologies as a form of electricity production. Moreover, H2 has an exceptionally large 
energy yield (122 kJ/g) which is 2.75 times greater than that of hydrocarbon based fuels 
[25]. Bio-H2 is an environmentally friendly alternative to fossil fuels. Although H2 is the 
more desirable energy alternative due to its zero carbon emissions, CH4 is also a viable 
energy alternative. CH4 is a versatile source which can be used in homes as an alternative 
to natural gas, as a fuel for transportation, or in cogeneration for heating and electricity 
production. In addition, CH4 produced from biomass has a high agricultural yield in terms 





The primary objective of this research study is to assess the use of BL for biological H2 
and CH4 production. Due to the complex chemical structure of this waste material, 
pretreatment is necessary to degrade the BL into biodegradable compounds. Optimization 
of this pretreatment process will allow for improved biological degradation and production 
of biofuels. To accomplish the primary objective, the research work has been divided into 
two distinct phases. In the first phase, three photocatalysis methods were compared for the 
optimal phenolic compound reduction. The photocatalysis methods being assessed are as 
follows: (1) photocatalytic degradation using TiO2 nanoparticles, (2) photocatalytic 
degradation using reduced graphene oxide – titanium dioxide nanotubes (RGO TNT), and 
(3) photocatalytic degradation enhanced with H2O2. In the second phase, AD of the 
photocatalytic by-products using mixed anaerobic microbial cultures will be completed to 
compare the biological H2 and CH4 production as a result of each pretreatment condition. 
The sub-objectives of the two research phases are as follows:  
Phase 1: Optimization of the photocatalysis process. 
1. Determine the optimal initial concentration of TiO2 photocatalyst, initial concentration 
of lignin, and reaction time as a basis for further photocatalytic studies; 
2. Determine the optimal conditions for RGO TNT photocatalysis; 
3. Determine the optimal conditions for H2O2 enhanced photocatalysis; 
4. Compare the response variables for each condition to evaluate the effectiveness of each 
pretreatment method. 
Phase 2: Optimization of the AD process. 
1. Determine the optimal photocatalytic byproduct AD conditions as a basis for further 
anaerobic bottle studies; 
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2 CHAPTER 2: LITERATURE REVIEW 
2.1 Lignocellulosic biomass 
Lignocellulosic biomass is an abundant source of organic materials which can be used 
in bioconversion technologies for the sustainable production of fuels and chemicals. The 
utilization of lignocellulosic biomass for biofuels production in the transportation industry 
is a viable alternative when compared to fossil fuels. Bioconversion processes are a 
practical solution for improving energy security while reducing greenhouse gas emissions 
[1]. Biogases, such as CH4 and CO, burn cleaner than traditional fossil fuels and the short 
cycle time for plant growth and utilization allows for neutral CO2 emissions. 
Lignocellulosics are naturally abundant and available making them an excellent option for 
biogas production.  
Lignocellulosic materials consist of products and residues from the forestry, 
agricultural, municipal, and industrial sectors. This includes biomass in the form of hard 
and soft woods, switch grass and energy crops, wheat straw, rice straw, corn cobs and 
stalks, as well as municipal and industrial solid wastes. Lignocellulosic materials consist 
of mainly three components cellulose, hemicellulose, and lignin, along with smaller 
amounts of pectin, protein, extractives, and inorganics [2]. The composition of these 
constituents present in lignocellulosic biomass can vary from species to species as shown 
in Table 2.1. For the conversion of lignocellulosic biomass into biogas utilizing anaerobic 
microorganisms, the chemical structure of the material must be converted into chemicals 
which are able to enter into metabolic pathways. This involves breaking the protective 
lignin barrier and degrading cellulose and hemicellulose into corresponding sugars for 







Table 2.1: Compositions of common lignocellulosic materials 
Lignocellulosics Cellulose (%) Hemicellulose (%) Lignin (%) 
Hardwood 40–55 24–40 18–25 
Softwood 45–50 25–35 25–35 
Leaves 15–20 80–85 0 
Sorted refuse 60 20 20 
Grasses 25–40 35–50 10–30 
Switch grass 45 31.4 12.0 
Wheat straw 30 50 15 
Corn cob 45 35 15 
Paper 85–99 0 0–15 
Newspaper 40–55 25–40 18–30 
Wastewater solids 8–15 NA 24–29 
Swine waste 6 28 NA 
Cattle waste 1.6–4.7 1.4–3.3 2.7–5.7 
Adapted from Reshamwala et al. [4], Cheung and Anderson [5], Boopathy [6], Dewes and 
Hünsche [7].  
2.1.1 Cellulose 
Cellulose is the main structural component in a plant’s cell wall. Cellulose is organized 
into bundles causing a fibrous structure which is surrounded by hemicellulose and lignin. 
Cellulose is a linear polymer composed of repetitive cellobiose units linked together by 
intra and intermolecular hydrogen bonding and van der Waals bonds  [3, 8]. This bonding 
structure causes cellulose to be insoluble in water and many organic solvents [9]. The 
cellulose structure present in plants exists in two main forms, a crystalline (organized) 
structure, and an amorphous (disorganized) structure. Cellulose is composed of majority 
crystalline structure with a small percent of amorphous structure. The amorphous region 
of the cellulose is more susceptible to degradation by pretreatment processes [8].[3] [8] [9].  
2.1.2 Hemicellulose  
Hemicellulose is a complex carbohydrate polymer present in a plant’s cell wall. 
Hemicellulose consists of multiple polymers of pentoses, hexoses, and sugar acids. These 
sugars include xylose, arabinose, mannose, glucose, and galactose [10]. Hemicellulose has 
a different physical structure and lower molecular weight than that of cellulose. 




significantly easier to hydrolyze [11]. Hemicellulose is a connector between cellulose and 
lignin lending rigidity to the plant cell wall structure. Hemicellulose compounds are soluble 
in water within a temperature range of 150 – 180 ºC. This variation is caused by the 
different solubility levels of the various sugars [12]. Solubilization of lignocellulosic 
components can also depend on the moisture content and pH [11].  
2.1.3 Lignin  
Lignin is a complex and large molecular constituent present in plants cell walls. After 
cellulose and hemicellulose, lignin is one of the most abundant polymers in nature [10]. 
The molecular structure of lignin is configured with cross-linked polymers of the phenolic 
monomers. These monomers include p-coumaryl, coniferyl and sinapyl alcohol units in an 
amorphous structure, Figure 2.1 [13]. Lignin is responsible for providing structural 
support, impermeability, resistance against microbial attack, and protection from oxidative 
stresses [3]. Lignin is insoluble in water; hence it is resistant to microbial degradation 
because bacterial enzymes are unable to react with the structure. Similarly to 





Figure 2.1: Chemical structure of lignin and p-coumaryl, coniferyl and sinapyl alcohol 
sub-units. Sourced from Lee at al. [13] 
2.2 Black liquor 
Black liquor (BL) is a byproduct of the pulp and paper industry which is produced as a 
result of the Kraft, soda, and other pulping processes. In the Kraft process, harsh chemicals 
such as Na2S and NaOH are used to separate cellulose fibers from wood materials and 
subsequently, produce pulp, the main component of paper and other products [14]. The 
chemicals which are separated from this pulp are collectively known as BL.  This thick 
viscous and complex mixture contains lignin, hemicellulose, and inorganic chemicals [15]. 
In the Kraft process, BL contains a large amount of sulfur chemicals. At threshold levels, 
these chemicals will inhibit the AD process and subsequently, impair methane production. 
In the pulp and paper industry, the Kraft pulping process accounts for approximately 
60% of the global pulp production. Based on this market share, significant quantities of BL 
are produced annually [16]. If left untreated, pulping effluents containing lignin can 




colour which reduce light and oxygen available to aquatic life [17]. The recovery of 
inorganic chemicals used in the pulping process and of energy from the organic 
components of BL is vital to the Kraft and other BL producing processes. Typically, this 
is accomplished through a series of energy recovery boilers, Figure 2.2. Despite the high 
lignin content in BL, the high inorganic content (approximately 45%) causes the heating 
value to be relatively low at 12.3 MJ/kg (LHV) [18]. After the pulping chemicals are 
recovered, the BL is burned in energy recovery boilers. This traditional recovery process 
has been proven effective; however, a few drawbacks include low electricity generation 
efficiency and reduced sulfur gas production [19]. As a result, improved technologies for 
energy recovery from BL are of interest. Due to its high lignin and hemicellulose content, 
BL has the potential for use as a feedstock for producing fuels by utilizing AD. However, 
the complex nature of lignin and toxic effects on anaerobic microorganisms are major 
issues for not utilizing BL directly as a feedstock [18].    
 
Figure 2.2: Schematic of the Kraft pulp and paper process. Adapted from Bonhivers and 

























2.3 Pretreatment methods  
Pretreatment methods used for lignocellulosic materials can be broadly classified into 
the following categories: physical pretreatment, chemical pretreatment, physiochemical 
pretreatment, and biological pretreatment [9]. The goal of all pretreatment methods is to 
improve the biochemical degradation of lignocellulosic biomass [21].  Pretreatment 
methods are able to alter the lignocellulosic structure by separating the lignin structure 
from the cellulose and hemicellulose, Figure 2.3.     
 
Figure 2.3: Schematic of the pretreatment process. Adapted from Mosier et al. [22] 
The main focus of physical pretreatment is to increase the surface area and decrease 
the particle size of lignocellulosics [3]. Physical pretreatment methods are commonly 
combined with additional treatment methods to increase the overall effectiveness of the 
combined process. Chemical pretreatment employs acids, bases, cellulose based solvents, 
or oxidizing agents to alter the lignin structure. As the name suggests, physiochemical 
pretreatment methods employ a combination of physical and chemical processes to alter 
the lignocellulosic structure. The most common form of physiochemical pretreatment is 
steam explosion which utilizes high temperatures and high pressures to separate, 
depolymerize, and degrade the lignin structure as well as celluloses and hemicellulose. 
Depending upon the severity of the steam explosion conditions, celluloses and 
hemicelluloses are converted into 5-(hydroxymethyl)-furfural (HMF), furfural and organic 












acids [23]. In contrast to the physiochemical and chemical pretreatment methods, 
biological pretreatment does not require any chemical additions. Biological pretreatment 
employs microorganisms, such as fungi, to convert lignocellulosics into biodegradable 
compounds [24]. Each category and method of pretreatment has specific shortcomings 
which limit their effectiveness; therefore, combining different methods is a favorable 
approach to improve the biogas yield during fermentation [25]. A summary of common 
pretreatment methods for lignocellulosic biomass is shown in Table 2.2.   
Table 2.2: Summary of pretreatment methods 
Category Method 








Ammonia fiber explosion 
CO2 explosion 
Biological Fungi  
Adapted from Haghighi et al. [9], Mosier et al. [22], and Kumar et al. [3]. 
2.3.1 Physical pretreatment 
Common physical pretreatment options include mechanical comminution and thermal 
processing. Mechanical comminution involves the reduction in particle size and 
crystallinity leading to an increased particle surface area and reduced polymerization [21]. 
This is accomplished through the process of milling or grinding which reduces particle size 
to 10-30 mm and 0.2-2 mm, respectively [26]. This process requires a high energy input 
and is not considered economically feasible although it can be improved though the 
addition of water in processes such as wet disk milling [9]. Milling processes for a variety 
of lignocellulosic materials are shown to improve hydrolysis rates and in turn increase the 
CH4 yields by 5-25% [27].  
Pyrolysis is another form of thermal physical pretreatment which involves 




the hemicellulose and lignin components of lignocellulosics is solubilized [12]. This allows 
improved access to cellulose components; however, there is a risk of producing phenolic 
compounds which can be inhibitory to biogas production [28]. The formation of these 
inhibitory compounds can be minimized by introducing water to the thermal processes such 
as with steam or liquid hot water pretreatment. These processes focus on solubilizing the 
hemicellulose components making cellulose more accessible and improving hydrolysis 
rates [21].  
2.3.2 Chemical pretreatment 
Common chemical pretreatment options include acid hydrolysis, alkaline hydrolysis, 
Organosolv, and oxidation processes. Acid hydrolysis is a process used to treat 
lignocellulosic materials though the application of acidic compounds such as sulfuric acid 
(H2SO4) and hydrochloric acid (HCl) [3]. Employing dilute H2SO4 at a concentration of 
approximately 4% (w/w) has proven to increase reaction rates and subsequently, improve 
cellulose hydrolysis [29]. The objective of acid pretreatment is to solubilize the 
hemicellulose components which leads increased accessibility for cellulose hydrolysis 
[21].  
Alkaline hydrolysis is a process used to treat lignocellulosic materials through the 
application of bases such as sodium hydroxide, potassium hydroxide, calcium hydroxide, 
and ammonium hydroxide [3]. Alkaline pretreatment employs lower temperatures and 
pressures when compared to acid pretreatment. This method causes the chemical swelling 
of lignocellulosics leading to increased pore size thus, making it more accessible to 
enzymes and bacteria [21]. Alkaline pretreatment is proven to be an effective and simple 
pretreatment method; however, the major disadvantages include long residence times and 
neutralization after processing [30].  
Organosolv is a pretreatment method which employs organic solvents and a catalyst to 
decouple lignin and hemicellulose. These solvents include methanol, ethanol, acetone, 
ethylene glycol and tetrahyrdofurfuryl alcohol [31]. Catalysts (inorganic acids and bases) 
include hydrochloric acid, sulfuric acid, sodium hydroxide, ammonia or calcium hydroxide 




content due to the ability to breakdown the lignin structure and increase the accessibility 
to the cellulose component. The main drawback of this method is the low boiling points of 
the organic solvents which pose a safety risk due to their flammable and volatile nature 
[33].  
Oxidation processes used for chemical pretreatment of lignocellulosic materials 
include ozonolysis, H2O2 treatment, oxygen treatment, and photocatalysis. Overall, these 
processes are all highly efficient for degrading lignocellulosics with a high lignin content 
[3]. This is due to the strong oxidizing agent’s ability to degrade the lignin and 
hemicellulose structures and hence, improve cellulose hydrolysis. In addition, these 
processes are designed to minimize environmental impacts as they do not produce any 
overtly toxic chemical byproducts. These processes, which are the main focus of this thesis 
work, will be described in further detail in Section 2.4.  
2.3.3 Physiochemical pretreatment 
The most common physiochemical pretreatment options include steam explosion, 
ammonia fiber explosion, and CO2 explosion. The steam explosion process involves 
treating lignocellulosics at high temperatures and pressures for a specific time after which 
the reactor’s content is rapidly decompressed. The objective of this process is to solubilize 
the hemicellulose component and to make cellulose more accessible for hydrolysis [21]. 
Steam explosion is typically conducted at temperatures between 160 – 260 ºC with 
corresponding pressures between 0.7 – 4.8 MPa [3]. Parameters affecting the process 
efficiency include particle size, temperature/pressure, and residence time. Acid-catalyzed 
steam explosion has been proven effective for enhancing cellulose hydrolysis [34]. 
However, at threshold concentrations, byproducts such as furfurals, hemi-furfurals, and 
phenolic compounds will inhibit the AD process [35, 36]. [35] [36]. 
Ammonia fiber explosion is a modified pretreatment process based on the steam 
explosion method. This process employs liquid ammonia instead of water to improve the 
process efficiency. Ammonia fiber explosion is typically performed at 60–120 ºC and 1.7–
2.1 MPa for a period of 30 minutes [3]. Rapid expansion of the ammonia gas causes 




and hydrolysis [37].  Parameters affecting the process efficiency include the ammonia 
loading, water loading, reaction temperature, and residence time. In contrast to steam 
explosion, a minimal amount of material is solubilized in this process due to the low boiling 
point of ammonia [9].  
CO2 explosion is another type of modified steam explosion pretreatment method. 
Similarly to ammonia and water, CO2 molecules are capable of penetrating the pores of 
lignocellulosics. In this method, super-critical CO2 is employed instead of water at 
temperatures of 112-165 ºC and 21.4-27.5 MPa for a period of 10 to 60 minutes [38, 39]. 
This method offers a few advantages over steam explosion as it requires lower temperatures 
and the cost is comparatively less. In addition, this process is non-toxic and non-flammable 
making it a more environmentally friendly and safe pretreatment option [9].    [38] [39] 
2.3.4 Biological pretreatment 
Biological treatment options include using various bacteria and fungi species for 
degrading lignocellulosics. These microorganisms are capable of significantly decreasing 
the total cellulose and lignin content in lignocellulosic waste streams [24]. Biological 
pretreatment is economically favoured over thermal and chemical methods because the 
latter processes require high energy and/or the need for corrosion resistant vessels. In 
addition, biological treatment processes typically result in less substrate degradation and 
the release of less inhibitory compounds [40]. Despite the lower energy consumption, 
minimal chemical requirements, and positive environmental impact, biological 
pretreatment has a major disadvantage of slow reaction rates [9]. Additional drawbacks 
include large space requirements, and high demand for maintenance and growth of 
microorganisms [41].  
2.4 Photocatalytic degradation  
Photocatalytic degradation or photocatalysis is an advanced oxidation process with a 
variety of applications including self-cleaning, self-sterilization, air purification, water 
purification, hydrogen evolution, and photoelectrochemical conversion [42]. A summary 
of the applications for photocatalytic degradation are shown in Table 2.3. Photocatalytic 




with UV or visible light to produce hydroxyl radicals. These hydroxyl radicals are useful 
in catalyzing the degradation of lignin, hemicellulose, and other compounds [43]. 
Semiconductor photocatalysts include TiO2, ZnO, ZrO2, CeO2, CdS and ZnS with  TiO2 as 
the most commonly utilized catalyst [44]. This is because TiO2 has a strong oxidizing 
ability, is chemically stable, commercially available, non-toxic and low cost [45].  
Table 2.3: Commercial applications for TiO2  
Property Function / Application 
Self-cleaning 














Remove pollutants and bacteria:  
• Indoor air cleaner 
• Air filter and purifier  
• Outdoor air purifier 
Water purification 
Remove pollutants and bacteria: 
• Disinfection of municipal water/wastewater  
• Treatment of industrial water/wastewater  
• Cleaning of groundwater, rivers and lakes  
Hydrogen evolution • Electrochemical photolysis of water 
Photoelectrochemical 
conversion • Solar cell 
Adapted from and Fujishima et al [46]. and Nakata and Fujishima [42].  
2.4.1 Mechanism of photocatalysis 
The general mechanism for photocatalytic reactions is shown in Figure 2.4. 
Photocatalysis is initiated by the excitation of the TiO2 semiconductor. Excitation is 
achieved through light photons, with energy equal to or larger than that of the 




agitated and excited to the conduction band (CB).  This process creates electron-hole pairs. 
The excited conduction band electrons (e-) and holes (h+) migrate to the surface of the 
semiconductor and participate in redox reactions with adsorbed species [47]. Holes left in 
the valence band of the semiconductor participate in oxidation reactions with water to form 
hydroxyl radicals (•OH) [48]. Electrons from the conduction band participate in reduction 
reactions with dissolved oxygen species to produce superoxide ions (•O2-) [49]. These 
reactive oxygen species are responsible for the degradation of organic pollutants with the 
subsequent production of CO2 and water. This mechanism can be used to describe the 
catalytic action of semiconductors degrading organic pollutants such as wastewater, dyes, 
resins, and phenolic compounds [50].  
 
Figure 2.4: Photocatalysis mechanism. Adapted from Marlina et al. [48] 
2.4.2 Factors affecting photocatalytic degradation   
Factors affecting photocatalytic degradation include organic concentration, catalyst 
concentration, catalyst particle size, pH, temperature, and oxygen availability. The organic 
chemical concentration can have a large impact on the efficiency of photocatalytic 
degradation. Increasing the pollutant concentration leads to a decrease in the process 
efficiency [51]. If an excessively high concentration of organic compounds are applied, 
this will lead to saturation of the TiO2 surface causing a decrease in the degradation 
efficiency. More specifically, saturation of the TiO2 surface with substrate molecules 
Light 
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 Organic  














causes less light to reach the surface.  In addition, elevated levels of substrate molecules in 
solution leads to light reflection in different directions and not directed to the catalyst 
surface.  Another issue associated with BL is the poor light penetration due to the dark 
brown color when diluted with water.  These factors are major causes for reducing the 
photocatalytic activity as well as the deactivation of the photocatalyst [52]. This is 
increasingly important for the degradation of BL because of its naturally dark colour. 
Previous studies have employed phenol concentrations in the range of 50 -100 mg/L, lignin 
concentrations around 500 mg/L, and BL concentrations of approximately 1000 mg 
COD/L [53 – 56]. [53] [54] [55] [56].  
The efficiency of the photocatalytic degradation process is strongly dependent on the 
catalyst loading. Numerous studies have shown that the optimal catalyst loading for process 
efficiency is 1 g/L [54 – 57]. Below this catalyst concentration, the significantly reduced 
reaction rate leads to a decrease in the degradation efficiency. While beyond this catalyst 
loading value, the degradation efficiency is reduced because of limited light penetration 
[51]. The catalyst particle size is another important factor affecting the efficiency. The TiO2 
particle size is inversely proportional to the surface area available for mediating the 
photocatalytic reaction. As a result, it is anticipated that decreasing the particle size, i.e. 
increasing surface area, will in turn increase the reaction rate as well as the degradation 
efficiency. Numerous studies have examined the impact of particle size on the degradation 
efficiency.  These studies concluded that increasing the particle size improved efficiency; 
however, after a threshold particle size, the degradation efficiency decreased [53, 54]. A 
TiO2 particle size of 10 nm was effective in photocatalytic degradation; however, this 
particle size is no longer commercially available and as a result, a particle size of 25 nm is 
employed in many studies [54, 55, 57].  [54] [55] [57]. [54] [53] [55] [57] [53] [54] 
The pH level has an effect on the photocatalytic degradation rate as it is responsible for 
the surface charge of the TiO2 particles and ionization of organic chemicals [58]. Due to 
its effects on the surface charge, the pH impacts the adsorption-desorption properties of 
chemicals onto the catalyst surface. Previous studies have shown the largest degradation 
efficiency in the pH range of 4.95 to 6.25 [59]. In comparison to pH, temperature has a 




because the band gap energy is too large to be overcome by thermal activation energy alone 
[60]. However, increasing the temperature of the process will result in an improved 
degradation rate due to the enhanced collision frequency. TiO2 photocatalytic studies have 
shown that the degradation efficiency rapidly increases with increasing temperature in the 
range of 4 to 30ºC and then gradually increased with temperatures over 30ºC [59].  
Oxygen availability has a significant impact on the degradation rate of organic 
compounds. Increasing dissolved oxygen levels is an important factor affecting 
photocatalysis. In the absence of dissolved oxygen, photocatalysis is suppressed [60]. 
Strong oxidizing agents such as O2, H2O2, and S2O8 have been evaluated for improving the 
photocatalytic degradation process.  
2.4.3 TiO2 / UV photocatalysis 
A review of common photocatalysis and analytical methodology for TiO2/UV 
photocatalysis are shown in Table 2.4.  
Table 2.4: TiO2 / UV photocatalysis literature review 
Research study and focus  Research methodology  




Photocatalysis methodology:  
• Photodegradation of phenols   
• 1 g/L of TiO2 (10 nm) 
• 100 mg/L of phenol solution 
• 37 ºC and 1 hour reaction time  
Analytical methodology:  
• Phenols by HPLC  
Choquette-Labbé et al. 
[53]  
UV/TiO2 photocatalysis of 
phenol and phenol 
derivatives. 
Photocatalysis methodology:  
• Photodegradation of standard phenol solutions   
• 1 g/L of TiO2 (10 nm) 
• 40 mg/L of phenol solution 
• 37 ºC and 1 hr reaction time 
Analytical methodology:  
• BOD and COD by Standard Methods [61] 
Shewa et al. [55]  
Electricity production from 
lignin degradation 
byproducts using UV/TiO2 
pretreatment. 
Photocatalysis methodology:  
• Photodegradation of sodium lignosulfonate   
• 1 g/L of TiO2 (10 nm) 
• 500 mg/L of sodium lignosulfonate 
• 37 ºC and 4 hr reaction time  




• Phenols by HPLC 
Shewa and Lalman [56]  
Energy production from 
black liquor using 
UV/TiO2 pretreatment. 
Photocatalysis methodology:  
• Photodegradation of BL   
• 1 g/L of TiO2 (10 nm) 
• 962 mg COD/L of dilute BL 
• 37 ºC, 2 hr reaction time, and pH 7 
Ksibi et al. [62]  
UV/TiO2 photocatalysis of 
lignin from black liquor. 
Photocatalysis methodology:  
• Photodegradation of BL   
• 1 g/L of TiO2 (25 nm) 
• 7 hr reaction time 
Analytical methodology:  
• COD by Standard Methods [61] 
• Liquid byproducts determination by GC/MS 
Tsapekos et al. [45]  
TiO2-AgCl photocatalysis 
for phenolic compound 
production from 
lignocellulosic residues. 
Photocatalysis methodology:  
• Photodegradation of wheat straw  
• 1 g/L of photocatalyst (AgCl enhanced 25 nm)  
• 1.56 hr reaction time at pH 1.5, 3.04, 6.75, and 
10.46  
Analytical methodology:  
• Total phenols by Folin-Ciocalteu method  
• Liquid byproducts determination by GC/MS 
Mazarji et al. [63]  
ZnO photocatalysis to 
depolymerize lignin-rich 
residues. 
Photocatalysis methodology:  
• Photodegradation of wheat straw  
• 0.05 g/L ZnO-graphene composite 
• 4 hr reaction time 
Analytical methodology:  
• Lignin concentration by UV-vis 
spectrophotometry at 280 nm, alkaline lignin as 
calibration standards 
• Total phenols by Folin-Ciocalteu method, Gallic 
acid as calibration standards 
• Liquid byproduct determination by GC/MS 
2.4.4 RGO TNT / UV photocatalysis  
TiO2 composites have been employed to increase the photocatalysis degradation rate.  
This is achieved by coupling TiO2 with a noble metal, doping with metal ions, and 
incorporating electron accepting materials such as nanotubes or graphene [64]. These 
modifications can be implemented to expand the light adsorption range or suppress the 
electron-hole recombination and thus improving the photocatalytic degradation of organic 
compounds [65]. Of these different modifications graphene and its constituents have been 




which can be chemically modified to facilitate use in composite materials [66]. The 
combination of TiO2 and graphene is promising as it promotes adsorptivity, transparency, 
and conductivity all of which contribute to improved photocatalytic degradation [67]. This 
combination is achieved by employing TiO2 nanorods to produce RGO TNT. A review of 
common RGO TNT / UV photocatalysis methods are summarized in Table 2.5.  
Table 2.5: RGO TNT / UV photocatalysis literature review 
Research study and focus  Research methodology  
Peng at al. [64] 
Enhanced TiO2 nanorods 
with RGO for degradation 
of aqueous hazardous 
pollutants.  
Photocatalysis synthesis:  
• Hydrothermal method 
• 3% (w/w) RGO TNT (25 nm)  
Photocatalysis methodology:   
• Photodegradation of methylene orange and 
methylene blue 
• 0.1 g/L photocatalyst 
• 10 min reaction time 
Zhang et al. [66] 
P25-Graphene Composite 
as a high performance 
photocatalyst.   
Photocatalysis synthesis:  
• Hydrothermal method 
• 1% (w/w) RGO TNT (25 nm)  
Photocatalysis methodology:   
• Photodegradation of methylene blue 
• 0.6 g/L photocatalyst 
• 55 min reaction time 
Perera et al. [68] 
Graphene – TiO2 nanotube 
composites with enhanced 
photocatalytic activity. 
Photocatalysis synthesis:  
• Alkaline hydrothermal method 
• 10% (w/w) RGO TNT (25 nm)  
Photocatalysis methodology:   
• Photodegradation of malachite green oxalate 
• 0.2 g/L photocatalyst 
• 80 min reaction time 
2.4.5 Hydrogen peroxide photocatalysis 
H2O2 is able to inhibit the recombination of electron-hole pairs and drive the generation 
of additional hydroxyl radicals to accelerate the degradation of organic compounds [69]. 
Hydroxyl radicals are produced as a result of H2O2 decomposition caused by redox 
reactions with electron-hole pairs though the following mechanisms: H2O2 + e− → HO
 + HO− and O2 − + H2O2 → O2 + HO  + HO− [52]. Previous research studies have shown 




to 1.7 [70]. TiO2 / UV photocatalysis is effective; however, a major drawback is the low 
oxidation rate when compared to utilizing composites and/or adding oxidation agents. The 
application of H2O2 for phenolic compound degradation is also effective; however, a major 
drawback is the high cost. Therefore, the combination of these two methods could provide 
a viable solution for these issues [71]. A review of common H2O2 TiO2 / UV photocatalysis 
methods is summarized in Table 2.6.  
Table 2.6: H2O2 photocatalysis literature review 
Research study and focus  Research methodology  
 Kamwilaisak and Wright [72] 
Evaluating the effect of H2O2 
on lignin degradation by TiO2 / 
UV photocatalysis. 
Photocatalysis methodology:  
• Photodegradation of standard lignin solutions 
• 1 g/L of photocatalyst 
• Optimum conditions at 0.16 mol/L of H2O2 
• 50 ºC, pH 5.0, and 24 hour reaction time  
Domingues et al. [69] 
Evaluating H2O2-assisted 
photocatalytic degradation of 
textile wastewater. 
Photocatalysis methodology:  
•  Photodegradation of textile wastewater 
(dyes) 
• 1 g/L of photocatalyst 
• Optimum conditions at 0.01 mol/L of H2O2 
• 37 ºC, pH 3.0, and 8 hour reaction time 
Barakat et al. [71] 
H2O2 assisted photocatalytic 
degradation of phenolic 
compounds.  
Photocatalysis methodology:  
•  Photodegradation of phenolic compounds 
• 1 g/L of photocatalyst 
• Optimum conditions at 1.0 mol/L of H2O2 
• 6 hour reaction time 
2.5 Anaerobic degradation processes 
Anaerobic degradation is a naturally occurring biological process in which complex 
organic materials are degraded into CH4. For the production of bioenergy this process 
employs mixed microbial cultures in the absence of oxygen and light to deconstruct 
recalcitrant biomass into H2 and CH4 [73]. Anaerobic degradation is a complex biological 
process which involves the following four steps: hydrolysis, acidogenesis, acetogenesis, 
and methanogenesis. A schematic of the AD process is shown in Figure 2.5. The chemical 





Figure 2.5: Anaerobic degradation process schematic. Adapted from Ersahin et al. [74].  
Table 2.7: Reaction sequence for AD 
Hydrolysis 
C6H10O4 + 2H2O → C6H12O6 + H2 
Acidogenesis 
C6H12O6  ↔ 2CH3CH2OH + 2CO2 
C6H12O6 + 2H2 ↔ 2CH3CH2COOH + 2H2O 
C6H12O6 → 3CH3COOH 
Acetogenesis 
CH3CH2COO− + 3H2O ↔ CH3COO− + H+ + HCO3− + 3H2 
C6H12O6 + 2H2O ↔  2CH3COOH + 2CO2 + 4H2 
CH3CH2OH + 2H2O ↔  CH3COO− + 3H2 +H+ 
Methanogenesis 
CH3COOH → CH4+ CO2 
CO2+ 4H2 → CH4 + 2H2O 
2CH3CH2OH + CO2 → CH4 + 2CH3COOH 
Adapted from Bajpai [75]. 
2.5.1 Hydrolysis 
The first step of the AD process is known as hydrolysis. In this step, large organic 
polymers such as carbohydrates, proteins and lipids are broken down into 
monosaccharides, amino acid, and long chain fatty acids. Hydrolysis is performed by 
obligate or facultative anaerobes which produce fermentable sugars [73]. Hydrolysis is the 
rate limiting step of the AD process since the high molecular weight compounds require 
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Acid) 
Volatile Fatty Acids 
(Propionate, Butyrate, Valerate, 
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time to dissolve into the aqueous phase [76]. This is especially true for complex 
lignocellulosic waste materials which are poorly biodegradable.  Hydrolysis is dependent 
on numerous factors such as particle size, biomass composition as well as operating 
conditions such as temperature and pH [77]. 
2.5.2 Acidogenesis 
The second step in the anaerobic degradation process is known as acidogenesis. In this 
step, the soluble compounds produced through hydrolysis are converted by strict anaerobes 
and facultative anaerobes into CO2, H2 gas, alcohols, and volatile fatty acids (VFAs) [73]. 
Acidogens are the most abundant bacterial group in the anaerobic degradation process 
since they are resistant to toxins and inhibitors and have high growth rates [76]. 
Acidogenesis is dependent on a variety of factors including temperature, pH, substrate 
composition, and inoculum source [77].  
2.5.3 Acetogenesis 
The third step in the anaerobic degradation process is known as acetogenesis. In this 
step, the volatile fatty acids produced from acidogenesis are converted into acetic acid, H2 
and CO2. Acidogenesis is performed by H2-producing bacteria such as Clostridium 
thermoacetium. Acetogenesis is dependent on various factors such as the H2 partial 
pressure and pH. If these conditions are unfavourable, acetogenesis will shift towards 
alcohol formation because of the reducing conditions [76].  
2.5.4 Methanogenesis 
The fourth step in the anaerobic degradation process is known as methanogenesis. In 
this step, acetate or CO2, plus H2 are converted into CH4 gas. Methanogenesis is mediated 
by acetoclastic methanogens and hydrogenotrophic methanogens. Acetoclastic 
methanogens convert acetate into CH4 and CO2. While hydrogenotrophic methanogens 
convert H2 and CO2 to CH4 [76]. Methanogenesis is affected by a variety of factors such 
as pH, volatile fatty acid concentrations, and the H2 partial pressure [77]. The inhibition of 




2.5.5 Factors affecting anaerobic digestion 
The AD process can be affected by numerous factors including but not limited to: 
temperature, pH, carbon to nitrogen to phosphorus (C:N:P) ratio, organic loading rate, and 
retention time [78]. The microorganisms mediating the AD process are sensitive to 
temperature. Temperature variation can affect H2 and CH4 production, as well as organic 
material decomposition. Decreasing the temperature causes lower level of VFA production 
and substrate utilization rates. This results in increased reaction times and decreased biogas 
yields [79]. The effect of temperature on AD has been thoroughly studied and the data 
shows that H2 yields increase with increasing temperature [80, 81]. However, increased 
temperature also corresponds to increased energy consumption and must be weighed 
against the biogas yield to determine optimal operating conditions. To balance this energy 
consumption and the biogas yield, AD studies typically operate in the temperature range 
of 35-40 ºC [80, 82, 83].   [80] [81]. [80] [82] [83] .  
The pH during the AD process can have a significant effect on the growth rate of 
microorganisms. In addition, maintaining adequate alkalinity is important to maintain a 
stable pH. Studies have shown that the relative abundance of microbial species increases 
from 6 to 14 for pH 4.0 and 7.0, respectively [84]. CH4 production is most efficient at 
neutral pH conditions within the pH range of 6.5 to 8.2 [85]. While H2 production is most 
efficient at pH 5.5, due to the suppression of hydrogenotrophic methanogens [84].  
The C:N:P ratio of a feedstock translates to the available nutrients for anaerobic 
degradation. Studies have shown that an insufficient C:N:P ratio can limit biogas 
production [86]. In general, lignocellulosic materials which are high in lignin content have 
high C:N:P ratios [87]. The optimal C:N and C:N:P ratios are typically in the range of 20:1-
30:1 and 400:5:1-100:28:6 for optimal AD, respectively [88, 89]. Beyond this range, high 
ratios provide insufficient nitrogen or phosphorus resulting in a decrease in biogas 
production. Whereas, low ratios may increase ammonia inhibition and decrease carbon 




The operating conditions selected for the factors in the proposed study were adapted 
based on previous research conducted by Lalman and Bagley [90] and Chowdhury et al. 
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3 CHAPTER 3: MATERIALS AND METHODS  
3.1 Experimental plan  
The experimental plan is divided into two phases.  Phase 1 and phase 2 are focused on 
optimizing the photocatalytic and the AD processes, respectively. 
3.1.1 Phase 1 
Phase 1 focused on the optimization of the photocatalysis process based on the total 
organic carbon (TOC), lignin functional group characterization by Fourier-transform 
infrared spectroscopy (FTIR), mass analysis by liquid chromatography – mass 
spectrophotometry (LC-MS), and total phenols (TP). Samples undergoing photocatalysis 
included BL, BL with sulfide removal (BL-S), alkaline lignin (AL), and sodium 
lignosulfonate (LS). The experiments used in this phase of the research project will utilize 
the methodology discussed for photocatalytic degradation pretreatment methods and 
analytical methods in Sections 3.3 and 3.5, respectively. Screening studies and experiments 
for this phase are outlined in Table 3.1 and Table 3.2, respectively. Each condition 
indicated in the table was conducted in triplicate to allow for a statistical analysis of the 
results.  
3.1.2 Phase 2 
Phase 2 focused on the optimization of AD based on biological H2 and CH4 analysis 
by gas chromatography (GC) as well as VFAs and alcohol analysis by high performance 
liquid chromatography (HPLC). The experiments used in this phase of the research project 
will utilize the methodology discussed for AD and analytical methods in Sections 3.4 and 
3.5, respectively. Screening studies and experiments for this phase are outlined in Table 
3.3 and Table 3.4, respectively. Each condition indicated in the table was conducted in 
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Table 3.3: Screening study for phase 2 
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Table 3.4: Experiment plan for phase 2 
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3.2 Materials  
All chemicals were purchased from Sigma – Aldrich (Millipore – Sigma, Burlington, 
US) unless otherwise stated.   
3.2.1 Black liquor 
The BL used in this project was obtained from a pulp and paper mill located in 
Thunder Bay, Ontario (Canada). The BL sample was produced from a softwood source and 
collected on July 20th, 2018. The BL sample was stored under dark conditions at a 
temperature of 4 ºC prior to use in all experiments.   
3.2.2 Black liquor with sulfide removal 
As a part of the research study, batches of the BL samples were treated to partially 
remove sulfide (deemed as BL-S) because of threshold levels of sulphides interfering with 
anaerobic microorganisms during AD.  Iron (III) chloride (FeCl3) was added directly to the 
BL in a ratio of 1 g FeCl3 per 1 L of diluted BL solution (1:50 dilution). This solution was 
centrifuged using a SorvallTM ST 16 Centrifuge (Thermo Fisher Scientific) at 4500 rpm for 
1 hour to remove the solid precipitate. The initial solids concentration of the BL and BL-S 
solution before dilution was 7,870 ± 1,750 mg TSS/L and 5,780 ± 392 mg TSS/L, 
respectively. Additional data regarding the characterisation of the BL, BL-S, AL, and LS 




3.3 Photocatalytic degradation 
3.3.1 Selection of photocatalytic conditions 
A summary of relevant literature regarding TiO2/UV photocatalysis is shown in Section 
2.4.3, Table 2.4. These conditions include the catalyst concentration and particle size, 
lignin type and concentration, and reaction time. Based on these studies the following 
conditions were selected for screening studies and optimization studies: TiO2 (particle size 
25 nm) concentration 1 g/L, BL concentrations in the range of 500 to 1000 mg COD/L, 
and reaction times in the range of 0 to 8 hours. 
A summary of relevant literature regarding RGO TNT / UV photocatalysis is outlined 
in Section 2.4.4, Table 2.5. Conditions of interest included the photocatalyst concentration 
and type. During the literature review and screening process, experimental settings for the 
lignin type, lignin concentration, and allotted reaction time were set based on the selected 
TiO2 photocatalysis conditions selected. Based on these studies and for direct comparison 
to the TiO2 / UV photocatalysis pretreatment method, the following conditions were 
selected for screening studies and optimization studies: RGO TNT concentration 1 g/L, BL 
concentrations in the range of 500 to 1000 mg COD / L, and reaction times in the range of 
0 to 8 hours.  
A summary of relevant literature regarding H2O2 TiO2 / UV photocatalysis is outlined 
in Section 2.4.5, Table 2.6. During the literature review and screening process, 
experimental settings for the lignin type, lignin concentration, and reaction time were based 
on the selected TiO2 photocatalysis conditions. For the operation of the H2O2 enhanced 
photocatalytic degradation studies literature was reviewed to determine the optimal initial 
H2O2 concentration. Based on the identified studies, the H2O2 concentrations in the range 
of 0.001 to 0.1 mol/L were selected for screening and optimization studies 
3.3.2 TiO2 catalyst preparation 
Commercial TiO2 nanoparticles, particle size 25 nm, were purchased from Degussa 
(Evonik Industries, Germany). Photocatalysis was performed using the 25 nm TiO2 




solution at a concentration of 10,000 mg/L in Milli-Q® water (MQ) and stored under dark 
conditions at 21 ºC. The TiO2 stock solutions were sonicated (Branson 1210 Ultrasonic 
Cleaner, Marshall Scientific, Hampton, US) to ensure the mixture was homogeneous for 
approximately 20 minutes prior to use in reaction.   
3.3.3 RGO TNT catalyst synthesis and preparation 
The RGO TNT catalyst was synthesized using a hydrothermal method in which 
commercial 25 nm TiO2 nanoparticles were used with graphene oxide (GO). The 
preparation of the RGO TNT catalyst was adapted from Peng [1]. A 1 mg/mL GO solution 
was prepared in MQ water and ultrasonicated for 1 hour. Next, 180 mL of the GO solution 
was briefly mixed with 6 g of TNT and 1820 mL of MQ water and further ultrasonicated 
for 1 hour. The solution was ultrasonicated to ensure the re-exfoliation of the GO sheets 
and the dispersion of the TNT between the GO sheets [1]. Next, 1mL of hydrazine hydrate 
was added to the solution and the solution was mixed and heated to 95 ºC for 1 hour to 
reduce the GO/TNT mixture to RGO TNT. The solution was then centrifuged at 4,500 rpm 
for 1 hour to separate the catalyst. The catalyst was washed three times with deionized 
water and one time with methanol then dried at 60 ºC for 12 hours.    
Following the synthesis of the RGO TNT catalyst, a stock solution was prepared at a 
concentration of 10,000 mg/L in MQ water and stored under dark conditions at 21 ºC. As 
in the case with preparing the TiO2 catalyst, the stock solutions were sonicated for 
approximately 20 minutes prior to use in the reactions.  
3.3.4 Photocatalytic reactor 
The photocatalytic reactions were performed using a modified Rayonet RPR-100 UV 
photocatalytic chamber, Figure 3.1, (Southern New England Ultraviolet Company, 
Branford, CT). The chamber was configured with sixteen monochromatic UV lamps 
emitting at a 300 nm wavelength (Southern New England Ultraviolet Company, Branford, 
CT). The UV lamps were evenly distributed around the outer perimeter of the reactor which 
surrounds and illuminates the inner sample carrousel as previously described by Choquette-
Labbé et al. [2]. The average light irradiance emitted from the lamps was 9 mW/cm2 as 




were rotated on a carousel (10 rpm) to ensure even light distribution and magnetically 
stirred to maintain the photocatalyst in suspension. The photocatalytic reaction was carried 
out in quartz vials with an internal diameter of 23 mm and length of 250 mm (Technical 
Glass Products Inc., Painsville, OH). The UV lamps and temperature control mechanism 
for the photocatalytic reactor were turned on a minimum of one hour previous to reaction 
to allow stable light intensity and temperature.  
 
Figure 3.1: Schematic diagram of photocatalytic reactor. Adapted from Ray et al. [3] 
3.3.5 Experimental design 
The experimental methods used for the photocatalytic reactions were adapted from 
Shewa et al. as shown in Figure 3.2 [4]. The total reaction volume for the photocatalysis 
was maintained at 50 mL and consisted of the selected photocatalyst, lignin sample, H2O2 
(when used in the study), and MQ water. Each reaction vial was sealed with Parafilm® and 
punctured with holes to allow adequate oxygen transfer and to minimize water evaporation 
over the course of the reaction. The reaction vials were then mixed in an ultrasonic cleaner 
for 15 minutes under dark conditions and transferred to a dark oven at 37 ºC. The reaction 
vials were mixed and preheated in an oven for 45 minutes to allow adsorption-desorption 
equilibrium to be established. Next, the reaction vials were transferred to the photocatalytic 
reactor and UV lights were activated to initiate photocatalysis. The reaction was allowed 




















Liquid samples were withdrawn from the solution at selected reaction times and 
centrifuged to separate the TiO2 particles from the solution. Liquid samples were 
centrifuged at 4000 rpm for 25 minutes. The supernatant was withdrawn and stored for 
further use in AD studies. Each photocatalytic reaction was conducted in triplicate. 
 
Figure 3.2: Photocatalysis experimental design process: (a) reaction liquid containing 
selected photocatalyst, lignin sample, H2O2 (if present in study), and MQ water; (b) dark 
oven mixing and heating at 37 ºC; (c) reaction vials in photocatalytic reactor; (d) UV 
photocatalysis.  
3.3.6 Hydrogen peroxide photocatalysis 
 H2O2, a 30% (w/w) solution, was purchased from ACP Chemicals (Montreal, Canada) 
and stored at 4°C. Fresh H2O2 solution was purchased before each experiment and the 
concentration was initially verified using Quantofix® Peroxide 100 semi-quantitative test 
strips (Macherey-Nagel, Germany). H2O2 was added to the solution on a mol/L basis and 
verified by ceric sulfate titration to a pale blue endpoint. Liquid H2O2 was added directly 
to the reaction solution prior to the dark mixing process and a liquid sample was withdrawn 
(deemed time –1 hr). After adding the H2O2 solution, the photocatalysis methodology 
outlined in Section 3.2.4 was followed using the same conditions. 
The H2O2 content in a stock solution was determined by titration with a standardized 
sulfuric acid plus ceric sulfate solution and a ferroin indicator solution. First a 5% (v/v) 
sulfuric acid solution was prepared. Next, the standardized ceric sulfate solution was 
prepared by dissolving 3.32 g of cerium (IV) sulfate per L of the prepared sulfuric acid to 
create a 0.01M acidified ceric sulfate solution. During the titration an ice bath was used to 
maintain a temperature of 10 ˚C or less. In this method, 5 mL of the sample was added to 




10 mL of the 5% (v/v) sulphuric acid and cooled to 10 ˚C or less. Next, 2-3 drops of the 
indicator were added to the sample and titrated against the standardized ceric sulfate 
solution until a light blue endpoint was observed.  
3.4 Anaerobic degradation 
3.4.1 Inoculum source 
The inoculum source used for each set of experiments was taken from a mother reactor 
containing mixed anaerobic cultures from a wastewater treatment facility (Chatham, ON, 
Canada). The mother reactor was a 4 L semi-continuous reactor maintained at a 
temperature of 37˚C and fed 5,000 mg/L glucose every 6–7 days, based on work previously 
described by Chowdhury et al. [5]. Inoculum from the mother reactor was diluted on a 
volatile suspended solids (VSS) basis to achieve appropriate culture concentration in the 
serum bottle study (2000 mg/L VSS). The mother reactor was maintained at a VSS of 
approximately 20,000 mg/L VSS. 
3.4.2 Basal media  
The basal media solution used throughout the experiments, adapted from Chowdhury 
et al., consisted of the following in mg/L of MQ water: NaHCO3, 6000; NH4HCO3, 70; 
KCL, 25; K2HPO4, 14; (NH4)2SO4, 10; Yeast extract, 10; MgCl2∙4H2O, 9; FeCl2∙4H2O, 2; 
Resazurin, 1; EDTA, 1; MnCl2∙4H2O, 0.5; CoCl2∙6H2O, 0.15; Na2SeO3, 0.1; 
(NH4)6MoO7∙4H2O, 0.09; ZnCl2, 0.05; H3BO3, 0.05; NiCl2∙6H2O, 0.05; and CuCl2∙2H2O, 
0.03 [5]. Basal media solution was prepared fresh for each set of serum bottle studies in 
two- or four-fold concentration and diluted to achieve the appropriate concentration.    
3.4.3 AD experimental design 
The experimental methods used for the AD work were adapted from Lalman and 
Bagley [6]. Experiments were conducted under anaerobic conditions in a glovebox (Coy 
Laboratory Products, Grass Lake, MI) with a gas composition of 4% H2, 20 % CO2, and 
the balance N2. Serum bottles (160 mL) were used for the batch reactor experiments and 




prevent biological growth due to light exposure. On Day 0, each bottle received the 
inoculum (2000 mg/L VSS) and photocatalysis byproducts as the substrate (150 mg/L 
COD) diluted in basal medium to a total volume of 50 mL. Each batch reactor was adjusted 
to pH 7.6 before sealing with Teflon® lined silicone rubber septa and capped with 
aluminum caps. Next, the serum bottles were pressurized with 20 mL of anaerobic chamber 
gas to avoid negative pressure in the bottles during sampling. Each bottle was wrapped 
with aluminum foil to prevent photosynthetic microbial activities and agitated in an orbital 
shaker (Innova 2300, New Brunswick Scientific, Edison, USA) at 200 RPM and 37˚C 
throughout the experiment. The batch studies continued until maximum H2 or CH4 
production was observed. Headspace samples were removed periodically throughout the 
experiment to quantify H2 and CH4 production. A digital pressure meter (DPGA-12, Dwyer 
Instruments Inc., Michigan City, USA) was used to measure the pressure of gas in the 
serum bottle headspace. The pressure was converted to the moles of gas using the ideal gas 
law. Liquid samples were also removed periodically to determine the carbohydrate and 
furfurals concentration. 
3.5 Analytical methods   
3.5.1 Total phenols  
The TP of the samples before and after photocatalysis were colorimetrically analysed 
using the Folin-Ciocalteu reagent method [7]. Five mL of a sample, 15 mL of MQ water, 
and 1 mL of Folin-Ciocalteu reagent were added to a 50 mL vial. The solution was 
incubated for 15 minutes at room temperature. Following this, 10 mL of 20% sodium 
carbonate (Na2CO3) was added to the solution and mixed. The reaction mixture was 
allowed to react for 90 minutes at a temperature of 30 °C, after which the colour intensity 
was measured at 730 nm using a UV-Vis spectrophotometer (Cary 300, Agilent 
Technologies, Santa Clara, USA). A color intensity calibration was created using catechol 




3.5.2 Chemical oxygen demand  
The chemical oxygen demand (COD) of the treated and untreated samples were 
analysed by a COD Analyzer (PeCOD®, Mantech, Guelph, Ontario, Canada). The PeCOD 
analyzer measures the COD of a sample using advanced oxidation and electrical charge 
analysis. The sample is injected into the PeCOD by auto-injection and as the sample 
reaction occurs an electric charge is produced in proportion to the oxidation of organic 
compounds. The PeCOD monitors the charge produced over time for each sample and 
converts this information into the equivalent O2 concentration or COD [8]. The internal 
calibration of the PeCOD instrument was verified using potassium hydrogen phthalate 
(KHP) in the range of 150 to 1500 ppm.  
3.5.3 Total organic carbon  
The TOC of the treated and untreated photocatalysis samples were analysed by a TOC 
analyzer (TOC-L, Shimadzu, Kyoto, Japan). The TOC concentration was plotted versus 
the reaction time to determine the degradation kinetics.   
3.5.4 pH 
The pH of samples was analysed using a pH meter (Orion model 320 PerpHecT® 
LogR® Meter, Thermo Fisher Scientific, Waltham, USA). The pH meter was calibrated 
using standard buffer solutions, pH 4 and 7, prior to beginning sample analysis.  
3.5.5 Total suspended solids and volatile suspended solids  
The total suspended solids (TSS) and the volatile suspended solids (VSS) of the 
inoculum source were analysed according to the Standard Methods [9]. TSS and VSS 
levels in the mother reactor were determined before the beginning of each serum bottle 
study in order to determine the dilution ratio needed for bottle inoculation. In addition, TSS 
and VSS of the mother reactor were determined regularly to access the microorganism 
viability. The analysis was conducted in triplicate using 0.45 μm glass fiber filter papers 




3.5.6 High performance liquid chromatography 
VFAs, alcohols, and sugars were determined using an Ultimate 3000 HPLC (Dionex, 
Sunnyvale, USA). The instrument was configured with a HiPlex Column (Agilent, Santa 
Clara, CA) at a temperature of 65 °C. The eluent was 5 mmol H2SO4 and the flow rate was 
0.6 mL/min. The injection volume was 25 µL and the sample analysis time was 45 minutes. 
VFAs were analysed by employing the HPLC configured with a refractive index detector 
(RI-101, Shodex, Tokyo, Japan). Alcohols and sugars were analysed by employing the 
HPLC configured with an UltiMate 3000 Photodiode Array detector at selected 
wavelengths of 205, 210, and 215 nm. VFA calibrations were prepared for lactic acid, 
acetic acid, formic acid, propionic acid, and butyric acid in the range of 20 to 2000 ppm. 
Alcohol calibrations were prepared for iso-propanol, propanol, iso-butanol, butanol, and 
ethanol in the range of 20 to 2000 ppm. Sugar calibrations were prepared for glucose and 
xylose in the range of 20 to 2000 ppm. All calibrations can be viewed in Appendix B. Prior 
to analysis, all samples from the serum bottle studies were filtered using a Biotechnology 
Grade Chelex® 100 resin (Bio-Rad Laboratories Inc., Hercules, CA) and 0.45 μm glass 
fiber filter paper. Filtration was conducted to remove solids by the glass filter and heavy 
metals the resin filter. 
3.5.7 Gas chromatography 
H2, CH4 and CO2 concentrations in the headspace gas were analysed using a Varian 
3600 GC (Varian Inc., Palo Alto, USA). The GC was equipped with a thermal conductivity 
detector (TCD) and a 2 m by 2 mm ID Carbon Shin column (Alltech, Deerfield, USA). 
The injector, detector, and oven temperature were 100, 200 and 200 °C, respectively. The 
N2 carrier gas flow rate was set at 10 mL/min. Headspace gas samples of 25 μL were 
manually injected into the GC. A digital pressure meter was used to measure the pressure 
of gas in headspace which was then used to convert mass of gas to moles of gas using the 
ideal gas law. Calibrations for each of the gases were prepared in a 160 mL serum bottle. 
Standards ranged from 0.5 to 100 mL of gas / 160 mL, all calibrations can be viewed in 




3.5.8 Fourier transform infrared spectrometry 
Functional groups present in treated and untreated samples were determined using an 
ALPHA FT-IR Spectrometer (Bruker, Billerica, USA). The wavenumber range scanned 
was 4000 to 5000 cm-1.  
3.5.9 Liquid chromatography-Mass spectrometry  
Quantitative mass analysis of the untreated and pretreated samples was analysed using 
a Waters 2695 HPLC and Micromass Quattro Ultima LC MS (Waters, Milford, USA). The 
instrument was equipped with a Waters 2996 photodiode array detector (Waters, Milford, 
USA) detecting at a wavelength of 220nm.  The column conditions were as follows, 150 
mm x 3.5 micron x 2.1 mm Eclipse plus C18 column (Zorbax, Agilent, Santa Clara, USA) 
at a temperature of 50 ºC. The eluent at a flow rate of 0.2 mL/min consisted of 65% acetic 
acid, 52.5 mmol/L, and 35% methanol. All chemicals were HPLC grade. The injection 
volume was 1 µL and sample analysis time was 15 minutes.  
3.5.10 Tukey’s Test 
Statistical analysis of the treated and untreated samples was performed using the 
Tukey’s test, otherwise known as the ‘honestly significant difference test’. Pairwise 
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4 CHAPTER 4: PHOTOCATALYTIC DEGRADATION PRETREATMENT OF 
BLACK LIQUOR USING REDUCED GRAPHENE OXIDE TITANIUM 
DIOXIDE NANOTUBES FOR BIOGAS PRODUCTION 
4.1 Introduction  
Development of sustainable energy is a leading issue of the 21st century with 
approximately 85% of global primary energy being derived from non-renewable sources 
[1]. Fossil fuel combustion is linked to many environmental issues including global 
warming, climate change, air pollution, and human health impacts [2 – 5]. As of 2016, 
primary energy production from renewable sources was 13.5% and 17.4% for the World 
and Canada, respectively [6]. Of the available renewable energy alternatives, biomass 
accounts for approximately 50% of renewable energy consumption worldwide [7]. 
Biomass is an energy source derived from organic materials such as plants, animals, and 
their byproducts. Commonly, for modern biomass energy production, AD can be employed 
to product H2 and CH4 from lignocellulosics [8]. Lignocellulosics includes wood and wood 
processing wastes, agricultural residuals as well as municipal solid waste. These 
underutilized products and waste materials are a valuable resource which could provide 
viable alternative to traditional fossil fuels. [2] [3] [4] [5]. 
A major limitation when utilizing lignocellulosics for AD is the chemical composition 
and biodegradation of recalcitrant lignin constituents. Lignin is a key component in plants 
which provides structural integrity and, due to its high degree of hydrophobicity, effective 
water transportation. These traits make lignin particularly resistant to degradation. This is 
an issue as the lignin content in common lignocellulosics varies between 8 and 30% on a 
dry weight basis [9]. As a result, lignin is generally underutilized and improving 
degradation through pretreatment has been shown to increase biogas production [9]. 
Effective pretreatment methods for the degradation of lignin include the following 
methods: steam explosion, alkaline or acid hydrolysis, or oxidation methods [10].  A major 
drawback of these methods is the high cost and production of toxic byproducts which will 
inhibit microorganisms in the AD stage [8, 11]. Hence, developing an improved 
pretreatment method for lignin degradation is imperative for utilizing lignocellulosics for 




BL, a byproduct from the pulp and paper industry, is one major lignocellulosic biomass 
of interest. This darkly coloured highly viscous mixture is produced as a byproduct of the 
pulping process in which inorganic chemicals are used to remove lignin, and some 
hemicellulose, from wood chips. As a result, BL is mainly composed of lignin, 
hemicellulose, and inorganic chemicals making it predominantly non-biodegradable [12]. 
Typically, BL waste is burned to produce electricity within the paper mills as a means of 
energy recovery. However, BL has a high moisture content and significant inorganic 
concentration leading to a relatively low heating value (12.3 MJ/kg) and consequently poor 
energy recovery [13].  Traditional biological wastewater treatment methods are unable to 
effectively degrade diluted BL. If released into the environment, diluted BL can cause 
significant environmental damage to aquatic ecosystems.  
AOPs are proven to be effective methods for reducing recalcitrant compounds into 
biodegradable products. This is accomplished through the application of highly reactive 
OH radicals which catalyse degradation reactions [14]. These methods can be employed to 
depolymerise and degrade the lignin structure. Photocatalytic degradation, an AOP, has 
been explored for improving degradation of lignin and subsequently enhancing biogas 
production by AD [3]. Studies have reported the use of photocatalytic pretreatment for 
lignocellulosic biomass [15] and more specifically BL and BL derivatives [16, 17]. 
However, using the photocatalysis process for methane production is not yet optimized. 
There are numerous factors affecting photocatalytic degradation and thus, the performance 
of AD. Factors contributing to photocatalytic degradation efficiency include catalyst 
concentration, substrate concentration, lignin type, and the primary focus of this study 
catalyst type [18, 19].   [16] [17] [18] [19].  
Catalyst selection plays an important role in photocatalytic efficiency. TiO2 is the most 
common photocatalyst due to its strong oxidizing ability, chemical stability, commercial 
availability, non-toxicity, and affordability [20]. Enhancing the photocatalytic activity of 
this common catalyst has become popular in recent years. This can be achieved by coupling 
TiO2 with noble metals, doping with metal ions, and incorporating electron accepting 




as RGO TNT, is a promising option as it is shown to improve adsorptivity, transparency, 
and conductivity [22].  
The objective of this study was to investigate the application of TiO2 and RGO TNT 
photocatalysts for the partial degradation of BL and other lignin compounds for further use 
in AD. This study examined the optimal conditions for degradation based on the following 
factors: catalyst concentration, catalyst type, lignin concentration, and lignin type. A focus 
on the chemical and structural analysis of the photocatalytic degradation products was 
observed with the aim of understanding the complex degradation of the BL samples. In 
addition, AD studies were performed to evaluate the potential of the degraded BL products 
as a substrate for biogas production.   
4.2 Materials and methods  
4.2.1 Materials  
The BL samples utilized in these experiments were provided by a Kraft pulp and paper 
mill located in Ontario, Canada. BL characterization methods are described in Section 
3.2.2. Samples of the BL were treated to remove inorganic sulfur containing chemicals 
(designated as BL-S), see Section 3.2.3. This study compares using commercially available 
TiO2 nanoparticles and synthetically enhanced RGO TNT. Preparation of the TiO2 catalyst 
solution is outlined in Section 3.3.1. Synthesis and preparation of the RGO TNT catalyst 
solution is outlined in Section 3.3.2. 
4.2.2 Photoreactor   
A modified Rayonet RPR-100 UV photocatalytic chamber as described in Section 3.3.3 
was employed in these experiments. The photoreactor was configured with sixteen UV 
lamps distributed along the perimeter of the reactor surrounding and illuminating the inner 
sample carrousel.  The sample carrousel was consistently rotated and mixed to ensure even 
light and catalyst distribution. The sample carrousel contained the quartz reaction vials and 
sample reaction solution. A schematic diagram of the photocatalytic reactor setup can be 




4.2.3 Photocatalysis experimental design 
The experimental design for these studies were adapted from Shewa et al. [23]. The 
photoreactor vials were maintained at a total volume of 50 mL and included the 
photocatalyst, lignin sample, and MQ water. Prior to UV reaction, these vials were mixed 
and preheated to 37 ºC under dark conditions to establish an adsorption-desorption 
equilibrium. Following this step, the reaction vials were transferred to the sample carrousel 
in the reaction chamber to initiate the photocatalytic reaction. Sample treatment and full 
details of the photocatalysis experimental design are further outlined in Section 3.3.4.  
Ten experimental conditions varying four different lignin types, two catalyst types, and 
two initial lignin concentrations were used to compare and evaluate the optimal conditions 
for BL degradation. Experiment number, photocatalytic conditions, and the analysed 
response variables are shown in Section 4.3.1, Table 4.1. 
4.2.4 Anaerobic digestion  
The experimental method for the AD process was discussed in Section 3.4. The 
inoculum sources used in these studies was taken from a mother reactor maintained with 
microorganisms from the Chatham wastewater treatment facility (Ontario, Canada). 
Maintenance and operational conditions for this mother reactor are outlined in Section 
3.4.1. Basal media preparation was outlined in Section 3.4.2.  
The experimental design used in these experiments were adapted from Lalman and 
Bagley [24]. All the experiments were conducted under anaerobic conditions and 
completed in triplicate to allow for a statistical analysis of results. Batch experiments were 
performed in serum bottles containing inoculant and substrate diluted in basal media. 
Liquid and gas samples were analysed daily. Each bottle was incubated at 37 ̊ C and shaken 
at 200 RPM (Innova 2300, New Brunswick Scientific, Edison, USA) until the production 
of byproducts ceased. Details regarding the experimental design and feeding conditions 




4.2.5 Analytical methods  
Analytical methods used in these experiments are outlined in Section 3.5. TP for the 
photocatalysis samples was determined colorimetrically using the Folin-Ciocalteu reagent 
method which was described in Section 3.5.1. COD of the pretreated photocatalysis 
samples was determined by PeCOD® COD analyzer as outlined in Section 3.5.2. TOC of 
the photocatalysis samples was determined using Shimadzu TOC Analyzer as outlined in 
Section 3.5.3. Over an 8 hour reaction period, the TOC was evaluated at the -1, 0, 1, 4, and 
8 hour time points, while the COD and TP were determined for samples at the 0 and 8 hour 
intervals. The pH of anaerobic bottle study samples was determined by the Orion model 
320 PerpHecT® LogR® Meter as outlined in Section 3.5.4. TSS and VSS of the inoculum 
source was determined using Standard Methods [25] as outlined in Section 3.5.5.  VFAs, 
alcohols, and sugars of the bottle study samples were determined by Dionex Ultimate 3000 
HPLC as outlined in Section 3.5.6. H2, CH4, and CO2 of the bottle study samples were 
determined by Varian 3600 GC as outlined in Section 2.6.7. Functional groups 
identification of the photocatalysed samples were determined by an ALPHA FTIR 
spectrometer as outlined in Section 3.5.8. Quantitative mass analysis of the photocatalysis 
samples were determined by Waters 2695 HPLC and Micromass Quattro Ultima LC Mass 





4.3 Results and discussion 
4.3.1 Effect of photocatalytic conditions on BL degradation  
The TOC and TP levels after 8 h of photocatalytic treatment under selected 
photocatalytic conditions are shown in Table 4.1. Average and standard deviation values 
for triplicate samples are shown. Tukey’s test between means at α value of 0.05 was applied 
to compare significant differences between the TOC reduction values for each 
photocatalyst. Multiple response variables were analysed to assess their impact on BL 
degradation. As shown in previous studies, there are two phases in the photocatalytic 
degradation of phenols [26]. In the first stage, phenolic compounds are degraded to 
intermediate compounds, not detected by TP analysis, which can be further oxidized [15, 
27].. Possible intermediate compounds during the degradation of phenolic compounds 
include homovanillic acid, vanillyl mandelic acid, trans-caffeic acid, and organic acids 
such as formic acid, acetic acid, and oxalic acid [15, 28].  [15] [27] [15] [28] 
The BL degradation efficiency is closely linked to the initial concentration of the lignin. 
Excessively high sample concentrations will over-saturate the photocatalyst surface 
causing a decrease in the available light and potentially causing deactivation of the 
photocatalyst [29]. The naturally dark colour of the BL samples amplifies this problem by 
limiting the penetration of light to the catalyst surface. As demonstrated in this study, 
improved degradation is evident at lower initial lignin concentration. The high efficiency 
degradation at lower initial lignin concentrations can be attributed to the increase of 
incident photonic flux irradiating the catalyst due to dilute lignin samples [17]. Two initial 
concentrations of BL, 500 mg COD/L and 1000 mg COD/L, were evaluated in combination 
with the TiO2 and RGO TNT photocatalysts. Degradation of BL as determined by TOC 
increased from 14.38% ± 2.90% to 20.49% ± 1.19% for the BL TiO2 sample at initial 
concentrations of 1000 mg COD/L and 500 mg COD/L, respectively. Tukey’s test of the 
four different lignin types showed the TOC reduction is statistically higher for the LS and 
statistically the same for the BL-S, BL, and AL. LS outperforms the BL, BL-S, and AL 
with TOC reduction of 25.67% ± 2.62%, 20.49% ± 1.19%, 20.78% ± 0.18%, and 18.58% 
± 1.24%, respectively. This is likely because the chemical structure of LS is significantly 




MS spectra for the untreated samples, shown in Appendix D, show a clear reduction of 
compounds for the LS sample.  
The catalyst selection is an important factor in the photocatalytic degradation process. 
Modification of photocatalysts can expand the light adsorption range and supress electron-
hole recombination resulting in improved photocatalytic efficiency [30]. RGO TNT has 
been shown to improve adsorptivity, transparency, and conductivity of the photocatalyst; 
however, RGO TNT has yet to be examined for use in photocatalytic degradation of BL 
and BL derivatives [22]. Tukey’s test in terms of the TOC removed, showed the RGO TNT 
and TiO2 were statistically the same with respect to each lignin sample type. The TOC 
removal was 20.78% ± 0.18% to 23.10% ± 2.53%, 18.58% ± 1.24% to 21.41% ± 1.43%, 
and 25.67% ± 2.62% to 29.63% ± 2.59% for the BL-S, AL, and LS, respectively. Although 
the RGO TNT catalyst was anticipated to improve the photocatalytic degradation process 
this was not shown based on the TOC removal for the different lignin types. One potential 
reason for this is that the RGO TNT catalyst that was synthesised has been mainly explored 
for application in degrading aqueous hazardous pollutants and dyes [21, 31]. The dark 
colouration of the RGO TNT catalyst in combination with the darkly coloured lignin 
samples may be limiting the amount of light available to activate the photocatalyst. The 
degradation efficiency of the TiO2 and RGO TNT photocatalysts will be further evaluated 
though FTIR and LC-MS characterisation of photocatalytic products and AD 










Table 4.1: TOC and TP removed during photocatalytic degradation for samples taken at 
8 h  
Photocatalytic conditions TOC removed 
(%) 
TP removed  
(%) # Lignin Catalyst Initial [COD] (mg/L) 
1 BL TiO2  1000 14.38% ± 2.90% 1.77% ± 1.21% 
2 BL RGO TNT  1000 11.55% ± 1.43% 10.62% ± 2.21% 
3 BL TiO2  500 20.49% ± 1.19% 9.67% ± 3.13% 
4 BL RGO TNT  500 19.43% ± 5.63% 15.41% ± 2.51% 
5 BL-S TiO2  500 20.78% ± 0.18% 28.65% ± 1.68% 
6 BL-S RGO TNT  500 23.10% ± 2.53% 58.86% ± 1.46% 
7 AL TiO2    500 18.58% ± 1.24% 28.49% ± 1.00% 
8 AL RGO TNT  500 21.41% ± 1.43% 26.34% ± 3.51% 
9 LS TiO2  500 25.67% ± 2.62% 3.86% ± 3.05% 
10 LS RGO TNT  500 29.63% ± 2.59% 31.98% ± 3.28% 
[Note: 500 mg COD/L [BL] = 7.00 mg TSS/L and 500 mg COD/L [BL-S] = 6.88 mg TSS/L]  
The residual TOC concentration was monitored over an 8 hour reaction period with 
samples at the -1, 0, 1, 4, and 8 h timepoints. The residual TOC concentration versus time 
for the photocatalysis (Condition 3) and photolysis of BL is shown in Figure 4.1 (a).  The 
removal rate for the photocatalysis (Condition 3 and 4) of BL was modeled by first order 
reaction kinetics using Equation 1. In Equation 1, k is the apparent degradation rate 
constant (/min), C is the TOC concentration (mg/L), and –dC/dt is the first order 
degradation removal rate. The natural logarithmic, -ln(C/C0), was plotted against the 
reaction time, for Condition 3, to calculate the apparent degradation rate constant, Figure 
4.1 (b).  
−	#$
#%
= 𝑘𝐶                (1) 
Control experiments were performed under photolysis conditions with no catalyst and 
UV irradiation. The TOC removed under photolytic conditions was significantly less than 
that under photocatalysis. For the degradation of BL, the TOC reduction increased from 
3.70% ± 0.35% to 20.49% ± 1.19% for photolysis and photocatalysis (Condition 3), 
respectively. In addition, the apparent degradation rate constant increased from 0.0049 to 





Figure 4.1: TOC degradation profiles for photocatalysis and photolysis of BL (a) residual 
TOC versus and (b) –ln(Co/C) versus time   
[Note: TiO2 [BL] = Condition 3, Photolysis [BL] =no catalyst with UV irradiation; In (b) 
TiO2 [BL] y=0.0255x + 0.0296 and R2= 0.9962, Photolysis [BL] y=0.0049x + 0.0123 and 
R2= 0.8951] 
 The residual TOC concentration for each photocatalytic condition versus time is 
shown in Figure 4.2. Photocatalysis of BL (Conditions 3 and 4), shown in Figure 4.2 (a), 
were modelled by first-order reaction kinetics. However, photocatalysis of BL-S, AL, and 
LS (Conditions 5 through 10), shown in Figure 4.2 (a), (b), and (c), cannot be modelled 











































Figure 4.2: TOC removed for the photocatalytic degradation of lignin samples (a) BL, (b) 
BL-S, (c) AL, and (d) LS  
[Note: Photolysis = no catalyst with UV irradiation, TiO2 [BL]=Condition 3, RGO TNT 
[BL]=Condition 4, TiO2 [BL-S]=Condition 5, RGO TNT [BL-S]=Condition 6, TiO2 



















































































4.3.2 Characterisation of BL and photocatalytic degradation products 
4.3.2.1 FTIR analysis 
FTIR spectroscopy was used to identify the functional groups in the untreated BL 
samples and the photocatalytic degradation byproducts. A summary of the wavenumber 
and corresponding functional groups within the lignin structure is shown in Table 4.2.    
Table 4.2: FTIR wavenumber and corresponding functional group 
Wave number (cm-1) Functional Group 
3100-3500 O-H stretching vibrations and H-bonding in alcoholic/aliphatic and phenolic hydroxyl groups 
2840-2957 C–H stretching in aromatic methoxyl groups and in methyl/methylene groups of side chains  
1695 Unconjugated stretching of ketones or carboxyl groups 
1600-1606, 1502-1507, 
and 1434 Aromatic skeletal vibrations of lignin 
1512 Aromatic skeletal vibrations in C=C of lignin  
1458, and 1425 C-H deformation of –CH2 and –CH3 in phenol rings and C-H vibration of aromatic structure 
1328, 1331 Syringyl ring breathing with C=O stretching 
1261 Guaiacyl ring breathing with C=O stretching 
1218 Syringyl and guaiacyl ring breathing with C-O stretching 
890-1200 Carbohydrate abundance 
1020-1032 C-O stretching of primary alcohols or C-H deformation in guaiacyl ring of lignin 
636, 593, 540 Skeletal deformation of aromatic ring, substituted groups, and side chains  
The broad band located in the region of 3100 to 3500 cm-1 is associated with O-H 
stretching vibrations and hydrogen-bonding in alcoholic/aliphatic and phenolic hydroxyl 
groups [32 – 34]. The peaks in the range of 2840 to 2957 cm-1 are assigned to C-H 
stretching in the aromatic methoxyl groups and in methyl or methylene groups of side 
chains [32, 34, 35]. The peak at 1965 is assigned to the stretching of ketones or carboxyl 
groups [32, 35]. The bands located at 1600-1606, 1502-1507, and 1434 cm-1 are associated 
with aromatic skeletal vibrations of the lignin structure [32, 34, 36]. The large characteristic 
peak at 1512 is associated with C=C stretching aromatic skeletal vibrations [34, 37]. The 
peaks located at 1458 and 1425 cm-1 correspond to C-H deformation of CH and CH2 in 




at 1328/1331 and 1261 cm-1 is assigned to syringyl ring and guaiacyl breathing with C=O 
vibration, respectively [32, 34, 39]. The peak located at 1218 cm-1 is associated with 
syringyl and guaiacyl ring breathing with C-O stretching [32, 40]. The peaks in the region 
of 890 to 1200 cm-1 are associated with carbohydrate abundance [41]. The band in the 
region of 1020 to 1032 cm-1 is associated with C-O stretching of primary alcohols or C-H 
aromatic deformation [34, 35]. Peaks at 636, 593, and 540 cm-1 correspond to skeletal 
deformation of the aromatic ring, substituted groups, and side chains [42].  [32] [33] [34] [35] [36] [37] [39] [40] [35]. 
The FTIR spectra for the four untreated lignin samples are shown in Appendix C, 
Figure C.6. These spectra’s show minor differences in the 500 to 800 cm-1 range as well as 
the 1512 cm-1 peak corresponding to variations in the structure of the aromatic skeletal 
ring, substituted groups, and side chains. The FTIR spectra, shown in Figure 4.3, for the 
(a) BL, (b) BL-S, (c) AL, and (d) LS samples in the following condition: untreated, TiO2 
photocatalysis byproducts, and RGO TNT photocatalysis byproducts (Conditions 3 
through 10). For the BL and BL-S photocatalysis samples, the FTIR spectra show multiple 
stretches caused by the pretreatment particularly in the range of 1200 to 2200 cm-1. 
However, for the AL and LS photocatalysis samples the FTIR spectra show minimal 
variation from the untreated samples.  
As shown in the BL and BL-S spectra, the pretreatment with TiO2 and RGO TNT 
caused variation of the peaks located at 636, 593 and 540 cm-1 which corresponds to 
skeletal deformation of the aromatic ring, substituted groups, and side chains. The band at 
1331 cm-1 corresponds to syringyl ring breathing with C=O stretching. C-H deformation 
of –CH2 and –CH3 in phenol rings and C-H vibration of aromatic structure are assigned to 
the band at 1425 cm-1. The band at 1512 cm-1 corresponds to aromatic skeletal vibrations 
in C=C of lignin and 1695 cm-1 is assigned to the unconjugated stretching of ketones or 
carboxyl groups. Collectively these variations in the spectra demonstrate that degradation 
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Figure 4.3: FTIR spectra of untreated lignin samples and photocatalytic byproducts of  (a) 





RGO TNT [AL] 




[Note: BL, BL-S, AL, and LS = untreated lignin samples; whereas, TiO2 [BL] =Condition 
3, RGO TNT [BL] = Condition 4, TiO2 [BL-S] = Condition 5, RGO TNT [BL-S] = 
Condition 6, TiO2 [AL] = Condition 7, RGO TNT [AL] = Condition 8, TiO2 [LS] = 
Condition 9, and RGO TNT [LS] = Condition 10] 
4.3.2.2 LC-MS analysis 
LC-MS was used to identify the possible chemical composition of the untreated BL 
pollutants and the photocatalytic degradation byproducts. A summary of the mass-to-
charge ratio (m/z), possible structure, molecular weight (MW), and corresponding samples 
are shown in Table 4.3. The LC-MS spectra’s for select samples are shown in Appendix 
D, Table D.1. 
 Table 4.3: LC-MS probable compounds in select samples 












142 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
181 
 
182 ✓       ✓  ✓ 
170 
 







218 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
223 
 
224 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
261 
 
262 ✓          
283 
 
284 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
277 
 
278  ✓    ✓     
292 
 
292  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
305 
 
306 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
387 
 
388 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
469 
 
470  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 





LC-MS analysis identified the presence of biodegradable compounds in a majority of 
the samples. This includes acetic acid, furfuryl alcohol, and muconic acid with m/z ratio of 
59, 97, and 141, respectively. The production of biodegradable compounds is desired for 
application in AD. The presence of low molecular weight compounds shows lignin 
degradation. The LC-MS results for the lignin samples in this study are similar to those in 
published studies regarding photocatalytic degradation of lignin, BL, and LS [23, 17].  [23] [17].  
4.3.3 Anaerobic digestion of photocatalytic degradation products 
AD serum bottle experiments were conducted to evaluate the effect of photocatalysis 
on the biodegradability and biomethanation potential for the four lignin samples. Based on 
the TOC reduction, TP reduction, FTIR analysis, and LC-MS analysis, choice samples 
were selected for the AD study. The biological methane production are shown in Figure 
4.4 which shows (a) a comparison between the four untreated lignin types, (b) a comparison 
between the four lignin types with photocatalytic pretreatment (Conditions 3, 5, 7, and 9), 
(c) the variation between the TiO2 and RGO TNT photocatalyst for BL samples (Condition 
3 and 4), and (d) the variation between the TiO2 and RGO TNT for BL-S samples 






























































Figure 4.4: Methane production for (a) untreated samples, (b) TiO2 photocatalysed 
byproducts, (c) BL with TiO2 and RGO TNT, and (d) BL-S with TiO2 and RGO TNT  
[Note: (a) shows the untreated lignin samples, (b) shows photocatalytic Conditions 3, 5, 7, 
and 9, (c) shows the untreated BL sample in comparison to the photocatalytic Conditions 
3 and 4, and (d) shows the untreated BL-S sample in comparison to the photocatalytic 
Conditions 5 and 6.]  
Methane production for the four untreated lignin samples are shown in Figure 4.4 (a). 
In terms of the maximum methane yield, the Tukey’s analysis showed BL-S statistically 
outperformed the BL, AL, and LS. This corresponds to maximum methane yield for the 
BL-S, BL, AL, and LS of 74.13 ± 5.28 µmol, 57.78 ± 2.78 µmol, 56.00 ± 4.18 µmol, and 
50.99 ± 3.92 µmol, respectively. The reduced performance for the BL compared to BL-S 
and LS compared to AL is likely due to sulfide inhibition in the AD process. Sulfide 
inhibition is a two stage process which starts with sulfate reduction [43]. Primary inhibition 
is caused by sulfate reducing bacteria due to the competition for organic and inorganic 
substrates which suppresses methane production [44]. Secondary inhibition is caused by 
the toxicity of sulfide to other bacterial groups [45, 46]. [45] [46]. 
The methane production for the four different lignin types with pretreatment by 
photocatalysis with TiO2 is shown in Figure 4.4 (b). The Tukey’s test for Day 2 methane 
production showed a statistically significant increase due to photocatalytic pretreatment for 


























































untreated and photocatalysed AL and LS samples. This can be explained by the FTIR and 
LC-MS results which show increased degradation of lignin structure in the BL and BL-S 
samples compared to the AL and LS. At Day 2, the methane production is approximately 
double when comparing the untreated and pretreated samples increasing from 12.31 ± 2.06 
µmol to 22.95 ± 3.54 µmol and 21.14 ± 2.69 µmol to 52.10 ± 7.04 µmol for the BL and 
BL-S, respectively. In terms of the maximum methane production, the pretreated samples 
outperform the untreated increasing from 74.13 ± 5.28 µmol to 84.38 ± 1.63 µmol, 57.78 
± 2.78 µmol to 69.01 ± 2.68 µmol for BL-S and BL, respectively.  
A comparison of the methane yield for TiO2 and RGO TNT catalysts is shown in Figure 
4.4 (c) for BL and (d) for BL-S. The Tukey’s test for the Day 2 methane production shows 
a significant increase with TiO2 pretreatment; whereas, the RGO TNT performs 
statistically the same as the untreated samples. At Day 2, methane production from the BL, 
BL with TiO2, and BL with RGO TNT were 12.31 ± 2.06 µmol, 22.95 ± 3.54 µmol, and 
16.77 ± 2.40 µmol, respectively. Similarly, at Day 2, methane production from the BL-S, 
BL-S with TiO2, and BL-S with RGO TNT were 21.14 ± 2.69 µmol, 52.10 ± 7.04 µmol, 
and 21.36 ± 3.49 µmol, respectively. In terms of the maximum methane production from 
the BL sample type, the Tukey’s test showed no statistical difference between the TiO2 and 
RGO TNT catalyst; however, both showed a significant increase in comparison to the 
untreated BL. This corresponds to maximum methane production of 57.78 ± 2.78 µmol, 
69.01 ± 2.68 µmol, and 69.51 ± 4.08 µmol for the untreated BL, BL with TiO2, and BL 
with RGO TNT, respectively.  
4.4 Conclusion 
The main objective of this study was to investigate using TiO2 and RGO TNT for 
photocatalysis of BL and other lignin types for methane production by AD. This study 
demonstrates the effectiveness of a two-stage process where photocatalysis is used treat 
lignin-rich streams followed by AD to methane. Photocatalytic conditions including lignin 
concentration, lignin type, and catalyst type were evaluated based on the TOC and TP 




In terms of the TOC and TP removed, a lower initial lignin concentration proved more 
effective for photocatalytic degradation. The TOC removal increased from 14.38% ± 
2.90% to 20.49% ± 1.19% for the initial BL concentration of 1000 mg COD/L and 500 mg 
COD/L, respectively. In terms of the TOC removal based on the Tukey’s analysis the RGO 
TNT and TiO2 catalysts performed statistically the same. Modification of the lignin 
structure corresponding to skeletal deformations of the aromatic ring, substituted groups, 
and side chains was demonstrated by FTIR. LC-MS analysis of the photocatalytic 
degradation byproducts identified the presence and increase of biodegradable compounds 
such as acetic acid, furfuryl alcohol, and muconic acid in the pretreated samples. A 
comparison of the four different lignin types showed the highest methane yield for the BL-
S followed by the BL, AL, and LS with values of 82.14 ± 5.89 µmol, 69.01 ± 2.68 µmol, 
56.48 ± 1.55 µmol, and 49.96 ± 2.21 µmol, respectively, for TiO2 photocatalysis 
byproducts. In terms of the maximum methane production, the Tukey’s test showed no 
statistical difference between the TiO2 and RGO TNT catalyst; however, both showed a 
significant increase in comparison to the untreated BL samples. 
Overall, this study confirms the potential for producing methane by AD of 
photocatalytic byproducts from BL and other lignin compounds. Further studies will 
consider the improvement of this process by the addition of H2O2 in the photocatalysis 
process. Future studies will examine the impact of feeding different substrates together 
with BL, BL-S, AL and LS on hydrolytic microorganisms, acidogens, acetogens, 
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5 CHAPTER 5: HYDROGEN PEROXIDE ENHANCED PHOTOCATALYTIC 
DEGRADATION PRETREATMENT OF BLACK LIQUOR FOR BIOGAS 
PRODUCTION 
5.1 Introduction  
Climate change, air pollution, and unsustainable development are all factors linked to 
the over consumption of fossil fuels. However, approximately 85% of global energy is 
provided via the combustion of fossil fuels [1]. As a result, developing renewable energy 
technologies is of major importance in the future. Lignocellulosic biomass residues, such 
as grasses, agricultural wastes, and wood processing wastes, are a significant resource 
which could be used to produce sustainable biofuels [2 – 4]. [2] [3] [4] .  
Lignocellulosic biomass are mainly composed of cellulose, hemicellulose, and lignin 
of which the cellulose and hemicellulose are efficiently converted to CH4 and H2 during 
AD [5, 6].  Whereas, the lignin fraction is typically underutilized due to its complex 
composition of cross-linking and random polymerization [7]. Biogas production from 
lignocellulosic biomass can be significantly increased through pretreatment of lignin 
components by steam explosion, chemical hydrolysis, or oxidation [8]. However, these 
methods are cost intensive and produce toxic compounds which may inhibit biogas 
production in AD [9, 10]. Therefore, improved selection and application of pretreatment 
methods is important to optimizing biogas production. [5] [6]. [9] [10]. 
BL is a lignocellulosic waste material produced as a byproduct of the pulp and paper 
industry. It is a darkly coloured and viscous material mainly composed of lignin, 
hemicellulose, and inorganic chemicals used in the pulping process [11]. Conventionally, 
BL is burned in incineration units as a means of energy recovery; however, this process is 
inefficient due to the high moisture content and concentrated inorganic composition of the 
feedstock [12, 13]. This lignin-rich waste stream has the potential for improved energy 
recovery through the application of AD. [12] [13]. 
AOPs are an effective method for the reduction of recalcitrant compounds, such as 
lignin, to biodegradable compounds. Photocatalytic degradation is an AOP which has been 




method employs the use of a semiconductor illuminated with UV-light to drive the 
production of hydroxyl radicals [14]. These highly reactive radicals catalyze redox 
reactions which degrade organic pollutants to produce CO2 and H2O [15]. A benefit of this 
pretreatment method is that it does not produce any toxic compounds which would usually 
inhibit AD.  
Photocatalytic pretreatment for lignocellulosic materials including BL and BL 
derivatives has been studied; however, the overall process has not been optimized [16, 17]. 
There are many factors which can affect photocatalytic activity including; catalyst 
concentration and type, pollutant concentration and type, and oxygen availability. Studies 
have shown that the addition of strong oxidizing agents, such as H2O2 or O3, to 
photocatalytic degradation can improve the degradation rate of the biomass and in turn the 
biogas production [18]. The addition of H2O2 is expected to inhibit the recombination of 
electron-hole pairs and increase the production of hydroxyl radicals throughout the process 
to accelerate the degradation of organics [19]. The combination of photocatalysis and H2O2 
will allow the system to overcome the limitations of the individual methods; those being, 
comparatively low oxidation rate with photocatalysis and relatively high cost for H2O2 
[20].  [16] [17]. 
The objective of this study was to evaluate the use of H2O2 for enhancing 
photocatalysis. More specifically, this study examined the application of H2O2 with TiO2 
and RGO TNT catalysts for the partial degradation of BL and BL derivatives. Optimal 
conditions for BL degradation were determined based on the initial H2O2 concentration 
added to the reaction. Detailed chemical and structural analysis was performed in an effort 
to understand the complex degradation of the BL samples. In addition, anaerobic 
degradation studies were used to evaluate the addition of degraded BL products to the AD 




5.2 Materials and methods  
5.2.1 Materials  
The BL feedstock utilized throughout the experiments were received from a Kraft pulp 
and paper mill located in Ontario, Canada. BL characterisation details are described in 
Section 3.2.2. In addition, BL samples were treated to remove inorganic sulfur compounds 
as outlined in Section 3.2.3 and deemed BL-S. This study will employ the use of two 
photocatalyst materials: TiO2 and RGO TNT. The preparation of these catalysts were 
described in Sections 3.3.1 and 3.3.2, respectively. H2O2 30% (m/m) solution was 
purchased from ACP Chemicals (Montreal, Canada) and the concentration confirmed 
using Quantofix® Peroxide 100 semi-quantitative test strips as outlined in Section 3.3.5. 
5.2.2 Photoreactor setup  
The photocatalytic reactor configuration was outlined in Section 3.3.3. The Rayonet 
RPR-100 UV photocatalytic chamber was configured with sixteen UV lamps distributed 
along the perimeter. These UV lamps surrounded and illuminated the inner sample 
carrousel which contained the quartz reaction vials. Each sample was continuously rotated 
and mixed as shown in Figure 3.1. 
5.2.3 Photocatalysis experimental design 
The experimental design for these studies was described in Section 3.3.4 and 3.3.5. The 
experimental methods were adapted from Shewa et al. [21]. The photoreactor vials 
contained the photocatalyst, lignin sample, MQ water, and H2O2 solutions on a moles/L 
basis. H2O2 solution was added to the reaction solution prior to the dark mixing process 
(deemed timepoint -1HR). The H2O2 concentration was verified by titration with ceric 
sulfate to a pale blue endpoint as described in Section 3.3.5.  
5.2.4 Anaerobic digestion  
The experimental method for the AD process was discussed in Section 3.4. The 
experimental design used for the studies was adapted from Lalman and Bagley [22]. All 




bottles were wrapped with aluminum foil to prevent biological growth from photosynthesis 
and conditions favoured production of H2 and CH4. Inoculant and substrate were diluted in 
a basal media solution prepared as described in Section 3.4.2. Samples for liquid and gas 
production were taken daily. Sample and experimental conditions are further outlined in 
Section 3.4.3. The inoculum source for the experiments was from a wastewater treatment 
facility in Chatham (Ontario, Canada) as described in Section 3.4.1. 
5.2.5 Analytical methods  
All of the analytical methods were described in Section 3.5. TP was determined by 
Folin-Ciocalteu reagent method, as described in Section 3.5.1. COD was determined by 
PeCOD® COD analyzer, as described in Section 3.5.2. TOC was determined by Shimadzu 
TOC Analyzer, as described in Section 3.5.3. The pH was determined by Orion model 320 
PerpHecT® LogR® Meter, as outlined in Section 3.5.4. TSS and VSS were determined 
using Standard Methods [23], as described in Section 3.5.5.  Acids, alcohols, and sugars 
were determined by Dionex Ultimate 3000 HPLC, as described in Section 3.5.6. Gases 
were determined by Varian 3600 GC, as described in Section 2.5.7. Functional groups were 
determined by ALPHA FTIR Spectrometer, as described in Section 3.5.8. Quantitative 
mass analysis was determined by Waters 2695 HPLC and Micromass Quattro Ultima LC 





5.3 Results and discussion 
5.3.1 Effect of photocatalytic conditions on BL degradation  
The impact of the selected photocatalytic conditions on the BL degradation are shown 
in Table 5.1. Results are shown in terms of TOC and TP reduction after 8 h of 
photocatalytic treatment. The Tukey’s test between two means at α value of 0.05 was 
applied to compare significant differences between the TOC reduction for each 
photocatalyst. As reported in previous studies, two phases in the photocatalytic degradation 
of phenols include the following steps: 1. Degradation of phenolic compounds to 
intermediates and 2. Oxidation of these intermediate compounds which are not detected by 
TP analysis [24 – 26]. Possible intermediate compounds include homovanillic acid, 
vanillyl mandelic acid, trans-caffeic acid, and organic acids such as formic acid, acetic 
acid, and oxalic acid [25, 27]. [24] [25] [26].[25] [27].   
The addition of H2O2 in photocatalytic degradation was shown to improve the organic 
compound reduction. Initial H2O2 concentrations of 0, 0.001, 0.005, and 0.01 mol/L in 
combination with TiO2/UV photocatalysis were tested for the reduction of BL (Conditions 
1, 3, 4, and 5). Tukey’s test showed a statistically significant increase in TOC reduction 
with the increase of H2O2 concentration. In terms of the TOC, H2O2 improved the removal 
from 20.49% ± 1.19% to 35.75% ± 5.56%, 51.30% ± 5.57%, and 72.72% ± 1.36% for 
initial H2O2 concentrations of 0, 0.001, 0.005, and 0.01 mol/L, respectively. H2O2 is 
beneficial due to its ability to inhibit recombination of the electron-hole pairs and 
participation in redox reactions to produce hydroxyl radicals [28]. These hydroxyl radicals 
drive a series of redox reactions to improve the rate of photocatalytic degradation and 
decomposition of organic compounds [19]. 
When comparing the two catalyst types, TiO2 and RGO TNT, in combination with the 
H2O2 at a concentration of 0.01 (Conditions 5 and 6) the Tukey’s test showed that the 
results were statistically the same corresponding to TOC removal from 72.72% ± 1.36% to 
80.19% ± 1.78%, respectively. The four different lignin types without the addition of H2O2 
the reduction efficiencies are statistically the same as proven in Section 4.3.1 by the 




11, 13, and 15), amplifies the difference between each lignin type’s degradation. The 
Tukey’s test showed the AL and LS outperformed the BL and BL-S corresponding to TOC 
removal of 72.72% ± 1.36%, 79.08% ± 3.38%, 98.59% ± 0.21%, and 97.84% ± 0.15% for 
BL, BL-S, AL, and LS, respectively. The effect of H2O2 on the degradation will be further 
evaluated using FTIR and LC-MS evaluation of the photocatalytic byproducts and 
biomethanation potential AD studies.  
Table 5.1: TOC and TP removed during photocatalytic degradation for samples taken at 
8 h 
Photocatalytic conditions 
TOC removed  
(%) 
TP removed  




1 BL TiO2  0 20.49% ± 1.19% 9.67% ± 3.13% 
2 BL RGO TNT  0 19.43% ± 5.63% 15.41% ± 2.51% 
3 BL TiO2  0.001 35.75% ± 5.56% 42.34% ± 5.44% 
4 BL TiO2  0.005 51.30% ± 5.57% 84.68% ± 1.98% 
5 BL TiO2  0.01 72.72% ± 1.36% Nearly 100% Degradation* 
6 BL RGO TNT  0.01 80.19% ± 1.78% Nearly 100% Degradation* 
7 BL-S TiO2  0 20.78% ± 0.18% 28.65% ± 1.68% 
8 BL-S RGO TNT  0 23.10% ± 2.53% 58.86% ± 1.46% 
9 BL-S TiO2  0.005 39.04% ± 1.53% 64.88% ± 3.47% 
10 BL-S RGO TNT  0.005 43.21% ± 0.78% 66.12% ± 2.48% 
11 BL-S TiO2  0.01 79.08% ± 3.38% Nearly 100% Degradation* 
12 AL TiO2   0 18.58% ± 1.24% 28.49% ± 1.00% 
13 AL TiO2  0.01 98.59% ± 0.21% Nearly 100% Degradation* 
14 LS TiO2  0 25.67% ± 2.62% 3.86% ± 3.05% 
15 LS TiO2  0.01 97.84% ± 0.15% Nearly 100% Degradation* 
* Denotes samples where the final concentration was lower than the detectable limit of 
analysis 
[Note: 500 mg COD/L [BL] = 7.00 mg TSS/L and 500 mg COD/L [BL-S] = 6.88 mg TSS/L]  
The residual TOC concentration was monitored over an 8 hour reaction period with 




As shown in Figure 5.1, the addition of H2O2 caused a significant increase in the removal 
rate effective at the beginning of the photocatalytic reaction period (0 h and beyond).  
 
 
Figure 5.1: TOC degradation profiles for photocatalysis of (a) BL and (b) BL-S 
[Note: Photolysis= no catalyst with UV irradiation, Photolysis H2O2 = no catalyst with 
H2O2 and UV irradiation. (a) TiO2 [BL] = Condition 1, RGO TNT [BL] = Condition 2, 
TiO2 H2O2 [BL] = Condition 5, RGO TNT H2O2 [BL] = Condition 6 and (b) TiO2 [BL-S] 
= Condition 7, RGO TNT [BL-S] = Condition 8, TiO2 H2O2 [BL-S] = Condition 9, RGO 

















Photolysis [BL] Photolysis H2O2 [BL]
TiO2 [BL] RGO TNT [BL]
TiO2 H2O2 [BL] RGO TNT H2O2 [BL]
(a)
i [ ]
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5.3.2 Characterisation of BL and photocatalytic degradation products 
5.3.2.1 FTIR analysis 
FTIR spectroscopy was used to identify the functional groups in the untreated BL 
pollutants and the photocatalytic degradation byproducts. The functional groups and 
corresponding wavenumbers are shown in Chapter 4, Table 4.2. The FTIR spectra for the 
four untreated samples are shown in Appendix C, Figure C.6. Figure 5.2 shows the FTIR 
spectra for the (a) BL and (b) BL-S under various treatment conditions. For all of the 
pretreated samples, the FTIR spectra showed significant stretching in the region of 1200 to 
2200 cm-1. Stretching in this region is indicative of lignin structure degradation occurring 
as a result of photocatalytic pretreatment. Stretching of the peak at 1695 cm-1 corresponds 
to lignin structural stretching of ketones or carboxyl groups. Variation of the peak at 1512 
cm-1 corresponds to aromatic skeletal vibrations in the C=C bonds of lignin. 1425 cm-1 
corresponds to C-H deformation of –CH2 and –CH3 in phenol rings and C-H vibration of 
aromatic structure. Stretching at 1331 cm-1 corresponds to syringyl ring breathing with 
C=O stretching. Additionally, stretching of the peaks at 636, 593 and 540 cm-1 correspond 





Figure 5.2: FTIR spectra of untreated lignin samples and photocatalytic byproducts of (a) 
BL and (b) BL-S 
TiO2 [BL] TiO2 H2O2 (0.01 mol/L) [BL] 
(a) 





[Note: BL and BL-S = untreated lignin samples; whereas, TiO2 [BL] = Condition 1, TiO2 
H2O2 (0.01 mol/L) [BL] = Condition 7, TiO2 [BL-S] = Condition 5, TiO2 H2O2 (0.01 mol/L) 
[BL-S] = Condition 11.] 
5.3.2.2 LC-MS analysis 
LC-MS was used to identify the possible chemical composition of the untreated BL 
pollutants and the photocatalytic degradation byproducts. A summary table including the 
m/z ration, possible structure, MW, and corresponding samples is shown in Table 5.2. The 
LC-MS spectra’s for select samples are shown in Appendix D, Table D.1. 
Table 5.2: LC-MS probable structures for select samples 
m/z Probable structure MW Sample BL BL-S AL LS 1 4 7 9 10 
59 CH3COOH 60  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
97 
 
98 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
141 
 
142 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
181 
 




218 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
223 
 






262 ✓         
283 
 
284 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
277 
 
278  ✓        
292 
 
292  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
[Note: BL, BL-S, AL, and LS = untreated lignin samples] 
The LC-MS analysis identified the presence of biodegradable compounds in the 
samples which can be utilized in AD for the production of biogases. This includes acetic 
acid, furfuryl alcohol, and muconic acid with m/z ratio of 59, 97, and 141, respectively. 
Biodegradable compound production is desirable as these byproducts can be consumed in 
AD for improved biogas production. Meanwhile, increased production of low weight 
molecular compounds is also desired as it shows the degradation of the lignin samples. The 
LC-MS results for these lignin samples correspond to the findings of similar studies related 
to photocatalytic degradation of lignin, BL, and LS [21, 16].  [21] [16]. 
5.3.3 Anaerobic digestion of photocatalytic degradation products 
AD serum bottle studies were conducted to determine the effect of H2O2 photocatalysis 
on the biodegradation and biomethanation potential of the lignin samples. Selected samples 
for AD studies were based on the TOC reduction, TP reduction, FTIR analysis, and LC-
MS analysis. The methane production for the selected samples are shown in Figure 5.3. 
Figure 5.3 (a) shows a comparison for the BL in the form of the untreated sample, BL TiO2 
photocatalysis byproducts, and BL TiO2 photocatalysis with H2O2 (0.005 mol/L) 




untreated sample, TiO2 photocatalysis byproducts, TiO2 photocatalysis with H2O2 (0.005 
mol/L) byproducts, and RGO TNT photocatalysis with H2O2 (0.005 mol/L).  
 
Figure 5.3: Methane production for (a) BL and (b) BL-S 
[Note: (a) shows the untreated BL sample in comparison to photocatalytic Condition 1 and 
5, (b) shows the untreated BL-S sample in comparison to photocatalytic Condition 7, 9, 
and 10.]  
The addition of 0.005 mol/L H2O2 (Conditions 3, 7, and 8) to photocatalysis was 
analyzed for its biomethanation potential based on methane production from AD serum 
bottle studies. The Tukey’s test at Day 2, showed the addition of H2O2 significantly 
increased the methane production corresponding to an increase from 12.31 ± 2.06 µmol 
and 22.95 ± 3.54 µmol to 42.01 ± 3.08 µmol for the untreated sample, TiO2 treated, and 
TiO2 with H2O2 treated, respectively. In terms of the maximum methane production, H2O2 
significantly increased the methane production from BL corresponding to an increase from 
57.78 ± 2.76 µmol and 69.01 ± 2.68 µmol to 83.01 ± 1.58 µmol for the untreated sample, 
TiO2 treated, and TiO2 with H2O2 treated, respectively. The addition of H2O2 during 
photocatalysis improved the photocatalytic degradation of the lignin structure as shown by 
the FTIR and LC-MS analysis. This resulted in the increased production of biodegradable 
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For the BL-S sample, the addition of H2O2 with the two different catalyst types 
(Conditions 7 and 8) showed improvement in methane production. Day 2 methane 
production significantly increased from 37.25 ± 6.69 µmol to 51.66 ± 4.86 µmol for TiO2 
and RGO TNT, respectively. In terms of the maximum methane production from BL-S, 
RGO TNT with H2O2 outperformed TiO2 with H2O2 with maximum values of 125.26 ± 
7.47 µmol and 95.65 ± 1.98 µmol, respectively. These results show the photocatalysts and 
the H2O2 work synergistically to improve methane production. A potential reason that the 
RGO TNT outperforms the TiO2 in combination with the H2O2 is the H2O2 increases the 
reaction rate allowing more light to saturate the catalyst which was previously an issue 
without the H2O2 addition.  
5.4 Conclusion 
The main objective of this study was to evaluate using H2O2 to enhance the 
photocatalytic pretreatment of BL and other lignin compounds. This study demonstrates 
the efficiency of a two-stage degradation process for BL in which photocatalysis is 
employed followed by AD to treat lignin-rich wastes and produce methane. Four different 
initial concentrations of H2O2 were evaluated based on their photocatalytic degradation 
efficiency by TOC and TP reduction, structural modifications by FTIR and LC-MS 
analysis, and biomethanation potential by AD serum bottle studies.  
In terms of the TOC and TP removal, a higher initial concentration of H2O2 resulted in 
higher degradation. TOC removal increased from 20.49% ± 1.19% to 35.75% ± 5.56%, 
51.30% ± 5.57%, and 72.72% ± 1.36% for initial H2O2 concentrations of 0, 0.001, 0.005, 
and 0.01 mol/L, respectively. Moreover, an initial H2O2 concentration of 0.01 mol/L 
increased TOC removal from 20.49% ± 1.19% to 72.72% ± 1.36%, 20.78% ± 0.18% to 
79.08% ± 3.38%, 18.58% ± 1.24% to 98.59% ± 0.21%, and 25.67% ± 2.62% to 97.84% ± 
0.15% for BL, BL-S, AL, and LS, respectively. An analysis of structural modifications in 
pretreated samples by FTIR showed alterations to the lignin structure by skeletal 
deformations of the aromatic ring, substituted groups, and side chains. An analysis of 
chemical modifications in pretreated samples by LC-MS showed the presence and increase 
of biodegradable compounds such as acetic acid, furfuryl alcohol, and muconic acid. 




in maximum methane production from 57.78 ± 2.76 µmol and 69.01 ± 2.68 µmol to 83.01 
± 1.58 µmol, for the untreated BL, BL with TiO2 pretreatment, and BL with TiO2 and H2O2 
pretreatment, respectively. The Tukey’s analysis of the maximum methane production, 
showed the RGO TNT with H2O2 outperformed the TiO2 with H2O2 corresponding to 
125.26 ± 7.47 µmol and 95.65 ± 1.98 µmol for the BL-S. 
This study demonstrates the potential for biogas production from BL and BL 
derivatives based on a two-step photocatalysis and AD process. The addition of H2O2 in 
the photocatalysis step improved the photocatalytic degradation efficiency and the 
biomethanation potential. Future studies will examine the impact of feeding different 
substrates together with BL, BL-S, AL and LS on hydrolytic microorganisms, acidogens, 
acetogens, hydrogenotrophic methanogens and aceticlastic methanogens 
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6 CHAPTER 6:  GENERAL CONCLUSIONS AND RECOMMENDATIONS 
6.1 General conclusions 
The research work completed within this thesis focused on the two-step degradation 
process of BL using photocatalytic pretreatment followed by AD for the production of 
methane. BL is a byproduct rich in lignin and inorganic compounds from the pulp and 
paper process that is currently underutilized for energy recovery. Due to its large 
abundance and high lignin content this waste stream presents a good opportunity for energy 
recovery through AD and biogas production. Pretreatment of the lignin components is 
required to degrade the waste down into biodegradable compounds. TiO2 / UV 
photocatalysis is a possible alternative for the pretreatment of BL; however, modifications 
to the process could improve biomethanation potential. RGO TNT and H2O2 enhanced 
photocatalysis were evaluated in this work for their efficiency in pretreatment and AD.  
Chapter 4 focused on the comparison of two different catalysts, TiO2 and RGO TNT, 
for their effectiveness at degrading four different lignin-rich waste products. The factors 
evaluated included the initial lignin concentration (500 and 1000 mg COD/L), lignin type 
(BL, BL-S, AL, and LS), and catalyst type (TiO2 and RGO TNT). In step one, 
photocatalytic degradation was evaluated based on the degradation of organics by TOC 
reduction and TP reduction as well as the structural modifications by FTIR and LC-MS. In 
the comparison between the initial lignin concentrations of 500 and 1000 mg COD/L for 
TiO2 photocatalysis of BL, the lower concentration proved more effective increasing the 
TOC reduction from 14.38% ± 2.90% to 20.49% ± 1.19%. For the different lignin types, 
TOC reduction was the highest for the LS followed by the BL, BL-S, and AL which were 
statistically the same.  In the comparison of the two catalyst types, the Tukey’s analysis 
showed the RGO TNT catalyst performed statistically the same as the TiO2 catalyst. FTIR 
analysis of the samples showed a clear modification to the lignin structure in pretreated 
samples corresponding to skeletal deformations of the aromatic ring, substituted groups, 
and side chains. LC-MS analysis of the samples identified the presence and increase of 
biodegradable compounds such as acetic acid, furfuryl alcohol, and muconic acid which 




In step two, biomethanation potential for the photocatalytic degradation byproducts 
was evaluated using AD serum bottle studies. For the different lignin types pretreated with 
TiO2 photocatalysis, AD biomethanation studies showed the BL-S produced the most 
methane followed by the BL, AL, and LS with maximum values of 82.14 ± 5.89 µmol, 
69.01 ± 2.68 µmol, 56.48 ± 1.55 µmol, and 49.96 ± 2.21 µmol, respectively. In terms of 
the maximum methane production, the Tukey’s test showed no statistical difference 
between the methane produced when employing the TiO2 and RGO TNT catalysts; 
however, both showed a significant increase in comparison to the untreated BL samples. 
Chapter 5 focused on the enhancement of photocatalysis using H2O2 for degradation of 
four different lignin-rich waste products. The initial H2O2 concentration was evaluated at 
0, 0.001, 0.005, and 0.01 mol/L. Similarly to Chapter 4, the photocatalytic degradation 
efficiency was evaluated based on the following two factors: degradation of organics by 
TOC and TP reduction as well as structural modifications by FTIR and LC-MS. When 
evaluating the use of H2O2 on photocatalytic degradation, the TOC reduction improved 
from 20.49% ± 1.19% to 35.75% ± 5.56%, 51.30% ± 5.57%, and 72.72% ± 1.36% for 
initial H2O2 concentrations of 0, 0.001, 0.005, and 0.01 mol/L, respectively. Furthermore, 
the addition of 0.01 mol/L of H2O2 increased the TOC removal from 20.49% ± 1.19% to 
72.72% ± 1.36%, 20.78% ± 0.18% to 79.08% ± 3.38%, 18.58% ± 1.24% to 98.59% ± 
0.21%, and 25.67% ± 2.62% to 97.84% ± 0.15% for BL, BL-S, AL, and LS, respectively. 
FTIR and LC-MS analysis showed degradation of the lignin structure and increased 
presence of biodegradable compounds. In terms of the biomethanation potential, the 
addition of H2O2 corresponded to an increase in the maximum methane production from 
57.78 ± 2.76 µmol and 69.01 ± 2.68 µmol to 83.01 ± 1.58, for the untreated BL, BL with 
TiO2 pretreatment, and BL with TiO2 and H2O2 pretreatment, respectively. The Tukey’s 
analysis of the maximum methane production, showed the RGO TNT with H2O2 
outperformed the TiO2 with H2O2 byproducts corresponding to 125.26 ± 7.47 µmol and 






This thesis demonstrated the application of a two-step degradation process for BL and 
BL derivatives. Throughout the research study, photocatalysis and AD conditions were 
evaluated to optimise the treatment and energy recovery from the waste stream. Although 
extensive photocatalysis and AD studies were conducted, there are some limitations which 
have been identified which could be improved upon for future applications. 
Recommendations for future work include applying modifications to or redesigning the 
photocatalytic reactor, improving the catalyst or modifying catalyst selection, and/or 
applying the use of acclimated mixed microbial cultures or continuous reactors.  
First, the modification or redesign of the photocatalytic reactor presents an opportunity 
to overcome limitations regarding sample size, pollutant/catalyst concentration, practical 
implementation, and process scale-up. For a more practical implementation and scale-up 
in future studies an increased reaction vessel size or conversion to a continuous degradation 
reactor would be required. This modification would allow for a larger quantity of lignin 
samples to be processed in a shorter amount of time. Ideally, redesigning the reactor size, 
shape, and/or mixing pattern would allow for the use of higher organic concentrations of 
pollutant without affecting the light intensity or photocatalytic activity. Increasing the 
initial catalyst concentration could also increase the concentration of biodegradable 
materials available to the next step of the process AD.  
Second, improving the catalyst synthesis or modifying the catalyst selection for 
photocatalytic degradation would aid in overcoming limitations regarding cost and catalyst 
efficiency. For example, selecting a semiconductor material which is capable of working 
in the visible light range would drastically reduce the cost associated with powering the 
UV lights. Third, applying the use of an acclimated mixed microbial culture or a continuous 
reactor for AD is a step towards practical implementation and process scale-up. Continual 
feeding of the photocatalytic byproducts would develop microbial populations specialized 
in metabolizing the BL. This acclimation process would lead to maximize the 




7 CHAPTER 7: ENGINEERING SIGNIFICANCE 
This collection of research work is a significant contribution to the field of 
environmental engineering that involves a two-step process in which BL and BL 
derivatives were pretreated using photocatalysis then used as a substrate for AD. More 
specifically, this work contributes to the research areas of (a) renewable energy production 
and utilization of lignin-rich waste materials, (b) treatment of BL and energy recovery in 
the pulp and paper industry, and (c) optimization of the photocatalytic degradation process 
by RGO TNT and H2O2 photocatalysis.   
Sustainable energy production through the application of renewable resources is a 
crucially important research topic in the field of environmental engineering. Recent studies 
regarding the negative social, economic, and environmental impacts related to the 
overconsumption of fossil fuels are leading the hunt for viable energy alternatives. 
Negative environmental impacts associated with the combustion of fossil fuels include 
global warming and climate change, air pollution, and human health impacts. However, as 
of 2017, approximately 85% of the world’s primary energy was derived from fossil fuel 
sources. There are a variety of technologies for the production of renewable energy 
including solar, wind, hydroelectric, tidal, geothermal, and biomass energy.  
Of these renewable energy alternatives, the development of biomass energy from 
lignocellulosics is an interesting and expanding field. Lignocellulosic biomass is composed 
of cellulose, hemicellulose, and lignin. During AD, cellulose and hemicellulose are 
efficiently converted to biogases; however, the lignin fraction is not utilized due to its 
recalcitrant nature. If this can be overcome the large availability of lignin-rich waste 
materials represents an attractive opportunity for energy production. The biodegradability 
of the lignin fraction can be improved by pretreatment methods such as steam explosion, 
acid/alkaline hydrolysis, or oxidation; however, each of these processes has their 
limitations. Therefore, the photocatalytic pretreatment methods and biomethanation 
findings of this research work contributes to the current interest in renewable energy 




BL is a lignin-rich waste stream from the pulp and paper industry that has a strong 
potential for biogas production. BL is a waste stream containing mostly lignin, 
hemicellulose, and inorganic chemicals that is characteristically viscous and dark in colour. 
Due to the high concentration of lignin and inorganics this waste material must undergo 
treatment before being released into the environment; however, due to its complexities, BL 
is commonly used in energy recovery boilers for the production of energy and steam. BL 
has a high moisture content and inorganics fraction leading to a relatively low heating value 
and thus poor energy recovery. Improving the energy recovery in addition to treating the 
BL waste could significantly improve the economics in current and future pulp and paper 
mills and biorefineries. Therefore, the pretreatment methods and biomethanation studies 
contained within this thesis contribute to this industrial field through the combination of 
BL treatment and energy recovery.   
Photocatalytic degradation is a commonly used process for the degradation of organic 
materials and treatment of water/wastewater supplies. Photocatalysis employs the use of a 
semiconductor irradiated with UV light to produce hydroxyl radicals which are involved 
in oxidation reactions. Photocatalysis has been evaluated for use as pretreatment of 
lignocellulosics; however, in recent years there have been a variety of studies for the 
improving this process. TiO2 is the most commonly used semiconductor material; however, 
composites have been employed to increase the degradation rate and efficiency. 
Composites can be synthesized by a variety of methods to expand the light absorption range 
of the catalyst or supress electron-hole recombination’s with the goal of improving 
degradation. Moreover, studies have shown the addition of strong oxidizing agents to 
photocatalysis can improve the degradation rate and efficiency of biomass. This can be 
achieved by adding O2, H2O2, or S2O8 which promote hydroxyl radical generation and 
inhibit the recombination of electron-hole pairs. This research work contributes to the 
optimization of the photocatalytic degradation process through the evaluation of the RGO 






Appendix A: BL and BL derivatives characterization 
Characterization BL BL - S AL (20 g/L) LS (20 g/L) 
COD 225,000 ± 65,000 
168,000 ± 
12,800 22,900 ± 170 32,000 ± 1,010 
TOC 264,000 ± 7,450 
259,000 ± 
3,050 9,070 ± 70 10,900 ± 26 
TSS 7,870 ± 1,750 5,780 ± 392 X X 
FTIR ✓ ✓ ✓ ✓ 
LC-MS ✓ ✓ ✓ ✓ 
Figure A.1: BL and BL derivatives characterization 






Appendix B: Calibration curves  
Colorimetric calibrations  
 
Figure B.2: TP calibration 
  






















GC calibrations  
 
Figure B.3: H2 calibration 
 
 
Figure B.4: CO2 calibration 











































Figure B.5: CH4 calibration  
 
























Appendix C: Additional analysis – FTIR 
 


























Appendix D: Additional analysis – LC-MS 
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